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PREFACE 


It is a curious fact that, while no artist or musician is expected to 
excuse himself for having painted a new picture or composed an 
original opus, long-establislicd custom demands that authors should 
apologize for having wTitten new books. We have the less hesita- 
tion in avowing a conventional diffidence, in that several excellent 
textbooks of inorganic and theoretical chemistry are already in 
existence, and it may therefore seem a work of supererogation to 
increase still further the mass of didactic chemical literature. We 
felt, however, that a fresh method of ])resentaiion might be welcome 
to teacher and student alike, for many years of educational experi- 
ence have convinced us that the success of the former and the 
progress of the latter are affected to an extraordinary degree by the 
way in which the subject is approached. 

In the present book — winch is designed to meet the needs of 
candidates for pass and honours degrees and for university entrance 
scholarships — we have tried to show that it is becoming possible to 
trace the connection between the various branches into which 
chemistry has long been divided, and to see the subject as a whole. 
In particular, inorganic chemistry can be understood only when 
the physico-chemical principles have been thoroughly mastered. 
Modern advances in theory, more especially in the field of valency, 
have revolutionized the very c.ssence of inorganic chemistry, and 
must now be incorporated in the textbooks; they can no longer be 
relegated to a chapter at the end, but demand full embodiment in 
the page-by*page narrative. 

Every year sees an increase m the load that the student of 
chemistry is expected to carry in his memory. We have therefore 
attempted to exclude unessential detail, and to give explanations 
— where any arc known — of the reactions and phenomena described. 
Our choice of industrial processes has been governed by considera- 
tions of practical importance or theoretical interest, and we have 
been at pains to make our accounts of such processes as up to date 
as possible. We have also tried to give an adequate treatment of 
those elements, such as vanadium and titanium, that, though called 
‘ rare,’ are actually comparatively abundant. 

We have pleasure in expressing our sincere thanks to the Council 
of the Royal Society, Sir William Bragg, E.K.S., and Dr. lUackett, 
for permission to use certain photographs: to Mr. Zvegintzov, for 
valuable information; and to Miss L. D. Long for assistance in 
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j)roparing the Name Index. We also gratefully acknowledge onr 
indcbtedne.ss to Mellor’s Cojttf^rclicnsn^e Treufisc, Abegg’s Ilandbuch 
der anorf^anischen Chome, Vanino's Priiparativc Cliemic, and Sidg- 
wick’s Electronic Theory of Valency. 

F. A PH [LRRTCK, Pu^^by Sciiool. 

K J. HOLMYARJ^, Clilton Culk*”t:. 


PREFACE TO 1049 EDITION 

Tiik continiu'd demand tor this book encouraged us to pieparv. a 
new edition. During tlie seventeen years that liav'e ela])SC(l since 
the book was first ]Miblislied many imjiortant advances lia\'c been 
made in theoretical and inorganic chemistry, and we felt it necessarv 
to rewTite much of the text in order to bring it into consonance witli 
modern knowledge and views. As one of us (F. A. P.) was unabk* 
to take an active share in the revision, we invited, and were fortii 
nate enough to secure, the collaboration of Dr. W. (j. Palmer, 
IVI.A., vSc.J3., Fellow of St John’s Cxdlege, Cambridge, 'i'he revision 
of Part II is entirely the work of Dr. Palmer, who also gave much 
valuable help and advice with Part III. W'c hope that in this lu'w 
edition the book may continue to serve the needs of student.s of 
chemistry. 

We should like to express our thanks to Mr Charles Le(‘ — the 
publisher’s press-reader— for the extrerm* but characteristic care 
with which he .scanned the proofs, and to Miss PanuFi Brett, B.A., 
who chc'erfully undertook the lengthy and tedious task of re-making 
the indexes. 

F A. PIITT.HKK'K. 

F. J. HOLAlVARi). 


PREFACE TO NEW EDITION 

During the last seven years inorganic chemistry has benefited from 
noteworthy advances both in factual knowledge and in theoretical 
conceptions. These advances have not only widened the boundaries 
of the science but have in many cases led to different interpretations 
of facts already known, and to a reorientation of outlook. For the 
purposes of a new edition ol this book it was tlierefore necessary to 



undertake very considerable revision of the text of Part III in order 
to prune away outmoded matter and to incorporate significant 
modern information. To be of real value, a textbook must make a 
judicious selection of material, must be accurate in supplying up-to- 
date knowledge, and must rctlect the contemporary thought (and 
nomenclature) in the science with which it deals. It is hoped tliat 
this revised text will be found to have kept these re(iuirements 
always in view and to have come reasonably close to meeting them. 

Mr. Philbrick recently died, at a comparatively early age, and the 
work of revision has been carried out entirely by Dr. W. G. Palmer. 

E. J HOLMYAKL). 
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PART I 


HISTORICAL INTRODUCTION 

Thu Object and chicl End of Chymistry,' wrote Pirkke Joseph 
Macquer (1718-84), ‘ is to separate the different substances that 
enter into the composition of bodies; to examine each of them 
apart; to discover their properties and relations; to decompose 
those very substances, if possible; to compare thorn together, and 
combine them w'ith others; to reunite them again into one body so 
as t(' reproduce the original compound with all its properties; or 
cv (m to produce new coinjiounds that never existed among the works 
of Nature/ I'hough these w^cjrds were written nearly two centuries 
ago, it would be difficult to frame a more lucid or more accurate 
definition of that most fascinating of all sciences, which has caj)- 
tivated untold numbers of the finest human intelligences and upon 
whit h civilization itself ultimately rests. 

The story of the origin and development of chemistry is not a 
subject of mere antiquarian interest. An adequate knowlt'dge of 
it is an indispensable part ol the equipment of any chemist who 
aspires to make notew'orthy advance in chcmu'al discovery or 
even to master the science as it is to-day. It is a significant fact 
that, almost without exception, the pTominent landmarks on the 
chemical high road were set up by men deeply versed in the 
discoveries and ideas of their predecessors. Boyle, Dalton, 
Priestley, Lavoisier, Berzelius, Liebig, Kekule, van't Hope, 
Arrhenius, and Ramsay— to name only a few of the great geniuses 
oi chemistry —were all serious students of chemical history; and 
it would be hard to over-estimate the part that this study played 
in fecundating and maturing their scientific work, whether 
speculative or practical. 

The reason is not far to seek. Chemistry, like other exfierimental 
sciences, is of a twofold nature. Before the woof of facts can form 
a coherent fabric, it must be woven across the warp of theory; 
both are necessary and each is dependent on the other. Th(‘re 
have been periods in the history of chemistry when tlicory and 
practice were widely divorced, and in such periods j)ractice has 
degenerated into an empirical craft while theory has become a 
bnrren philosophy. At the present time, new chemical facts appear 
in myriads every year Any man or woman ol reasonably good 
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intelligence can be trained in a few years to carry out original 
research: the journals of learned societies distend ominously, and 
the archives suffocate with the press of unpublished, though doubt- 
less meritorious, communications. Facts in themselves — however 
numerous, however well authenticated, however well known — 
may have little or no importance. The increase in weight that 
metals undergo on calcination was known for many hundreds of 
years before Lav(USiek made it a lever with which to overthrow 
the whole theoretical structure of eighteenth-century chemistry. 
Cavendish's observation that a minute frnction of atmospheric 
nitrogen could not be made to combine with ox} gen under tlie 
influence of the electric spark remained an isolated and therefore 
unimportant fact for over a century. Facts become imj^ortant 
when integrated into some comprehensive scheme, when informed 
by some far-reaching tlieory, when set harmoniously in the structure 
of some broad concept; since thus the way is prepared for a great 
stride in advance — a stride that could never liave been achieved 
by the mere chaotic collection of facts qua facts. 

The ability to perceive a fundamental cuniK'ction between facts 
that are apjiarently unrelated is, in its highly-developed form, a 
mark of genius. To some extent, however, it is common to all 
of us, and it is an ability that may bo trained and cultivated. 
Entirely original ideas arise much less frequently than some- 
times supposed, in science as in other dcpartni'Mits of human 
intellectual activity. Though they are now a])plied to very 
difhTent matters, many of the idea*^ at jrresent current in chcmistiy 
may be closely paralleled in the Neoplatonist natural philosophy 
of fifteen or sixteen centuries ago, while the \’iews of ('ertain modern 
physicists on the ultimate nature of the universe (‘ould have been 
accepted by Pla'IO himself without serious violence to his 
philosophical scheme. 

The principal value of a study of the history of chemistry lies 
in the familiarity it gives us with the speculative reflections of 
great chemists of the past. Such men as Bovlb; were the int ellectual 
j)eers of our most celebrated contemporary chemists, and though 
the facts with which they were acquainted were immeasurably 
fewer than those that fill the ]>ages of Mkilok and Beilstein, 
their insight into the natural world has been a perennial source of 
inspiration to later workers. In the long course of man’s effort 
to interpret, and in some measure to control, the phenomena of 
Nature, ideas have invariably proved a more ])otent weapon than 
technical skill. The chemist, therefore, wliilc perfecting the 
technique that provides the raw material of his science, will not 
neglect the invaluable treasury of ideas amassed by his chemical 
forbears 
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There is a farther reason why an acquaintance with the main 
course oi the history of chemistry is not merely a desirable, but 
an essential, attribute of the pr(.)perly-ecj nipped chemist. It is 
simply this; that a critical appraisal of the present is impos.sible 
without a just appreciation of the past. Howeter laudable un- 
questioning submission to authority may be in the disciple of 

a revealed religion or in the citizen of a state, it is a serious blemish 

m the man of science. Dalton's anathema on Gay-Lussac and 
A\^OGADjn.) delayed the progress of chemistry by nearly half a 
century. ‘ Thou canst not split an atom ' became a dogma, 

and dogma cannot be tolerated in science. Science can avoid 

sterility only if it is n*cognized that scientific theory is always 
provisional but never final. T he surest way for a chemist to arrive 
at an understanding of the theories he wioiils to-day is to trace 
their development step by step, and to profit by the spectacle of 
discarded theories whose lx)n€‘-s lie bleaching by the roadside. 

The following sketch of the history of chemistry is designed to 
throw into relief the jinncijial episodes of that history, in order 
that the remaining paits ol the book may be seen in their true 
perspective. If it fullils its ])urpose, it will reveal [ireseiit-day 
chemistry as the latest phase of a dynamic process, whose origin 
WTis coeval with the birth of civilization and whose end no man 
can foresee. 

The Main Periods 0! Chemical History. 

While sharp delinntalion is both impossible and undesirable, it 
IS convenient to regard the devi‘U>pmeiit ol chemistry as charac- 
terized bv five' main periods, viz.: 

I. 1 he Empirical /Igc. 

z The Period oj Alchemy. 

The Period of lairochcmistry 

4. The ]\'riod oj Pneumatu Chemisfry.: 

5. 7 'he Modern A^e,from Lavoisier and Dalton to (he present day. 

Each period, however, passes impcTc eptibly into that which succeeds 
il, and it is no more possible to give a definite date for the transition 
than it is to say exactly when a child ceases to be a child and becomes 
a youth. 


Tiui Emfikical Age 

The Origins of Chemistry. — There can be no doubt that the 
origins of chemistr}^ are to be found in the technical arts and crafts 
of primitive civilizations. The extraction of metals from their 
ores, the manufacture of glass and soap, the aits of painting and 
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dyeing, the preparation of perfumes, unguents, and cosmetics, the 
practice of mummiheation, and similar accomplishments of early 
civilized man, all imply an extensive acquaintance with the kind 
of facts on which chemistr}^ is based. We may therefore reasonably 
call the sum of such knowledge the ' chemistry ' of those remote 
ages, and it cannot be denied that the gemius who first deliberately 
extracted copper from malachite is fully entitled to inclusion in 
the chemical Valhalla. 

The question of the origin of civilization is, and is likely to 
remain, a subject for somewhat acrimonious discussion and con- 
siderable further investigation. Fortunately there is no need for 
us to enter the lists, since there could be no earlier stage of 
chemistry than the empirical, and this ctmtinued to exist well 
into the period of written historical record. The civilizations of 
the ancient world — Egvpt, Sumer and Akkad, Assyria, Babylonia, 
India, and China — all possessed accomjdished craftsmen and 
artisans, and all doubtless made notable contributions to tlu‘ 
sto('k of empirical chemical knowledge, 

Egypt. — We cannot, however, dismiss the matter in quite so 
summary a fashion, since modern Euiopean chemistry has definite 
aflihation to one of these civilizations, namely that of ancient 
Egyi)t. How^ mucli it owes to the others is still conjectural; but 
the })ath from Helujpolis to Heidelberg, fiom Memphis to Man- 
ch('st('r, lies like an unbroken thread across the chart of chemical 
history. Though our estimates may possibly have to be revised, 
it seems that the Egyptians were a hard-headed, practical race, 
more like the Romans than the Greeks, preferring action to reflec- 
tion, and caring little for those pliilosophical speculations so dc’ar 
to classical Athens. They therefore made no contributions, that 
we can discover, towards any system of chemical theory. On 
the other hand, they raised such chemical industries as metallurgy 
and glass-making to a degree of efficiency without parallel in later 
times until the dawn of the modern period; and their skill in 
metallurgy in particular w\as the condition and the occasion of the 
effective birth of chemistry some centuries later. 

In Egypt, the comparatively useless but extremely attractive 
metal gokl had already acquired that factitious value which it has 
retained ever since. The reasons for this vagary need not concern 
us -they were very largel}^ of a superstitious nature — but it is 
hardly an exaggeration to say that chemistry as a science owes its 
existence to the esteem in which gold was held in the ancient 
w’orki. As accomplished metallurgists, the workers in the labora- 
tories attached to the ICgyptiaii tempk*s produced innumerable 
alloys, some of which closely resembled gold in appearance. Though 
the craftsmen were probably far too shrewd to deceive themselves. 
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it would liavc been only ni aceonkiiice with human nature if they 
sometimes imposed upon oth(*rs less well inlormed, passing off as 
genuine gold what was only a spurious alloy. Wliatever tlie facts 
of the case, a legend arose to tlie efh^ct that base metals could be 
transmuted into gold — and witli the dilfiision of that legend 
chemistry ceased to be a mere empirical craft, changing its honest 
fustian for the glittering ndies of a chimerical art. (diemistrv, 
the art of h^gypt, or Khcm {‘the Rlack Land'), became indit'd 
a dark and dubious pursuit. 

liii: PKRioi) or Ajciiemv 

Philosophical Speculation. - Before we can imdcastand tlu' 
(level()])ni(‘nts that led to th(‘ supposed art oi gold-making, we must 
turn for a tina^ to the jiliilosopliieal speculations of the Ch'ceks. 
I'lie rlassiuil atomic theory will be considiTcd at a later stagi‘ 
(p. yS) , our immediate concern is the theory of Aristotijc - 
322 i’.2 .) on th(‘ constitution of matter. Arislotl(‘ supjiosc'd that 
tlu‘ b.isis of 1h(‘ material world was a pnmilive matter of pruna 
maicriii, whicli had, ho\\(‘ver, only a potential existence until 
imi)r('ss(‘d with h'orin. lAirm is that winch giyes to exciy body 
its iiidivulualit y. In its simplest manifestation it gives rise to the 
‘ hour I'denuiils/ Vwv, Air, Water, and Ikarth, winch are dis- 
tinguished from one .mother by their qualiiics. I'lie lour primary 
r|ii.ili(i''s ai'e the fluid, the dry, the hot, and tlu' cold, and each 
('l(‘mMit possesst's two ol tlumi. Hot and cold, how(*ver, and 
fluid and dry, aie conti.iru'S and cannot bo coupled; hence tlie four 
possible combinat lolls of them m jiaiis an'. 

Ui)l and dry, assigned to hire. 

JIni and fluid, assigned to Air. 

C(dd and fluid, assigni'd to Wkiler. 

('old and dry, assigiu‘d to Raith. 

Tn each ('lenient one oualilv predominates over the other: in 
Larth, dryness; in \^'.lt('r, cold; 111 Air, huiilitv; and in Tiia*, heat. 
Noik' ot the lour ('lemeiits is uiiehaiig('able ; th(\y may pass into 
oiui another through the nit'diurn of that ([uality wliicli they possess 
111 common. 'I'lius liie may pass into air through tlie nu'diurn of 
heat, air into wati'r through the medium (jf lluidity, and so on. 
All otlier substances arc* (ompos(.'d ol all the eDments, and the 
proportion in winch the various elements occur in dilfen'iit sub- 
stances is inhnittdy variable; hence the existence of such an enormous 
numlier of distinct compounds. But sinc(^ each element ( an, as 
we have S(*en, be transformed into any other, it follows that any 
comjiound can likewise be trails Rirnied int(j any other by .som<' 
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device or treatment tliat will alt^^r tl]<* relalue lions between 

the elements of whieli it is roniposed. 1 1('re we have the geirni of 
all theoiies of nn'lallic transiniitalion. It lead and {^old botti 
consist naavly of lire, air, water, a.nd earth, all of which are inter- 
eonvertil)lr, why may the fonrier metal not be tiaii'^muted into 
the latter? Such was the rjiie-tion with w’iinh ^eneiation after 
;;^encra1ion of chemists conlonnded llu' sceptks and instilled their 
ceaseless search for the unattainable. 

It IS a curious fact that similar view's on the constitution of 
matter arose — j)r(‘sum<ibly indrfKaidi'ntly ■' in (’hina. B.ven as 
early as the tw'ellth century n.c. the (diinese jxastiilattal live material 
firinciples of natural obje( ts. 'Fhese live {W n-hsviLi — ‘the (jnin- 
tet ') were waiter, hi(‘, w'ood, {;old, .md ( arth. ‘ Water is that 
which soaks and desceiuls; tire is that whu li blazes and as'^ends; 
wood that w'hich is straiehl and crooked; g(dd that which obc^ys 
and charig(is; and earth that wdiieh is v)f nso tor soed-sowiny and 
harvest. That w'lueh soaks and descends l)e(a)irn‘s salt; llirit wiindi 
blaz('S and ast'eiuls Ixaonu's bitt(‘! , that wha h is ciookt'd and 
straii^ht becomes sour; that whuh obt'ys and (diantjes becomes 
acrid; and trom .se(*d-s()winf» and haivesT minces sw'erdness.’ * 
LattT on, ])erha]is about the liflh or lourth centniv n.r., the 
scientific notion of Vin and V.ina,, fn tlie two contrary jirmcipk's, 
appears to have become (‘stablisiied in Cdmia.. According to this 
])hil()‘'ophy, the entire univi'ise wais idiailical in substance and wms 
animated and dominated by a cosmic soul, manifesting it sell in 
the dual forces of Ym and Vang, ^'in oiiginallv refer usl to Hit' 
obscuration ol tlic sun by clouds, while Yting signi(i('d tlie briglit 
asjxct of banners flutt('rmg at suniise. Soon, how<'V(.‘r, Ym wiis 
regarded as the ieniale element, typifying the nioo^ material and 
undesiral'ile jdieiiomena of Nature, whilt' Yang Ixcaine the male 
element, n'jnescntative of the mon‘ sj)iijtual and desirable (inalitics 
All minerals and metals - like every other substance — w^eie sup- 
]X)sed to bo substantially the same, but diflered in pro])ertics m 
proportion to their relative infusion with Yin and Yang. Base 
metals might therefore be transmuted into precious metals by the 
dual method of eliminating the moie material Yin qualities in then 
composition, and by augmenting or refining thi? more spiritual 
Yang qualities. 

In India, speculations ot a comparable nature mav be found m 
the ancient writings, and to the best ol our knf)W'ledge they W'ere 
indigenous. The philosophy of the time a})jXMrs to have tended 
invariably tow'anU au interpaetatitru of the structure ol the w'orld 
in terms of qualities rather than of distinct and dixrete material 

‘ Davis and Lu Ch’iany W'u, Chmi-^c Aicheniy, imenUjii :\lo}iLhly (ly^ug 
31, 22b. 
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substanct'S. Could one have (|ne.^UuJied a clicmist of the fourth 
century h.C. as tri his funtlameiital convictions of Ihc nalure of 
gold, iie would probably iiavc replied tliat, below or behind the 
([ualities that appeal to th(' senses, theie is an amorphous, plastic, 
colourless, inchoate ‘ metallic ' material, uyion which, in the case 
ol gold, have been im]M>sed tlu‘ (]iialili(s of yellowness, h(\aviness, 
non-corrodibilitv, and so on. These (jualitics he would have 
regarded as independent ol one another, so that the yellowness, 
for instance, might be lernoved without affecting the otliers. A 
different midal, such as copper, would have the same underlying 
material, but a different ‘ ct of infused cjualities; and so for iron, 
silver, and the remaining metals. 

If we return to Akistoilk, wc shall find that, as a minor develop- 
ment of his theory of the Ihair l^lements, he put forwaid a hypo- 
th(‘sis that exerted uiion the futiiie development of chemistry an 
inlhiencc out of all due pro]X)ition to its real value. In his 
Mctcorolo^^ica he suggested that the immediate constituents of 
minerals and metals are two ‘exhalations,' one an ‘ earthy 
smoke' and the other a ‘ \v<iterv vapour'; the fornuT consists of 
small jiartirles of earth on the way to becoming fire, while the 
latter consists of small particles on the way to becoming air. Neither 
(‘xhalation is evia* entirely tree from some admixture of the other. 
Stones and otha r minerals aie formed when the two exhalations 
become inijirisoiHsl in the eaith, the dry or sincdv^ exhalation pre- 
dominating. Metals arc lorrned under similar circninstanccs if the 
waterv e.xhaLdion pKnlnnnuates. In other words, metals and 
minerals, in cominon with every .substance under the snn, are 
composed of each of the four elements, but in metals the pre- 
doniinatiiig elements aie waiter and an (cliictiv water), while in 
minerals tlicy are (‘arth and lire (chiefly earth). It is a signal 
mark of the paucily of hunian ideas that this naisa^ hy])othesis 
should h.ive been accepted, in moie oi modified torms, until 
the close of the eighteenth century. 

Alexandrian Chemistry. --'I'he foregenng examples suffice to in- 
dicate the kind of pinfASoplm al view^s held by educated men shortl\’ 
before the ojicning of the Chiistiari Era It will lie observed that 
they had extiemely little i elation to observed tacts, and that the 
importance of experiment as a factor in the investigation of Nalure 
was almost entirelv uigx rceived. To the cultured Greeks, manual 
work ol any kind was undignified, if iu)t actually dt'grading, so 
that although the scieiitihi' habit ot mind was by ruj means lack- 
ing, the only scumces in vvliK’h the Greeks made noteworthy 
jirogress were astrononi\ md matheinatK'^ both at that tirn(‘ 
non-experimental. 

Jn H.('. Alevander the (neat loundod rlio city ot Alexandria, 
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which rapidly grew to be the largest and most important town of 
the ancient world. 'Ihe (jreek colony included some of the most 
celebrated scholars of the time, notably Euclid, Archimedes, 
Hipparchus, Eratosthenes and Apollonius of Perga, and a 
museum or university was built to accommodate the throng of 
students and professors attracted thither from various parts of 
Greece. Soon, however, a de siecle atmosphere began to envelop 
the intellectual life of the city, and the odd mystical philosophies 
that freciuently characterize such a period sprang up on every hand 
like rank and noxious weeds. Superstition of the grossest sort, 
magic, necromancy (not to mention hydromancy, pyromancy, 
geornanev. oneiromancy and omphalomancy), sapped the intel- 
ligence and clouded the vision of the majority of contciriporary 
thinkers. It is true that two of the philosophical schemes, namdy 
Gnosticism and Neoplatonism, contained much to be admired; but 
all were alike in forming an extremely unhealthy environment for 
a rational science. 

It was, liowcAaT, in this very environment tliat theoretical 
chemistry originated; and it bore the mark of its origin f(.>r many 
a long day. The Greek settlers, themselves ignorant of metallurgy, 
could only look on with awe at the achievements of the Egyptian 
craftsmen, and we may readily suppose that they formed a credulous 
audience for the narrators of the transmutation legend. A yellow 
alloy that lof)k(‘d like gold would be sufficient to d(‘ceivc a man 
unversed in the goldsmith's art, we may remember that as recently 
as the reign of yucen Elizabeth an expedition brought back sliip- 
loads of iron pyrites from Greenland in the belied that the yellow 
particles were small nuggets of gold. In the absence of any system 
of qualitative analysis, deceit was less likely to be discovered, and 
the ancient equivalent of the gold-brick swindle must have been 
successfully accomplished on countless occasions. 

Very typical of the prevailing intellectual background is the fact 
that the reality of transmutation appears to have been almost 
universally accepted, with few or no attempts to arrive at a definite 
conclusion by crucial experiment. What actually happened was 
very different. Uncritically believing that the base metals might, 
in all verity, be changed by chemical art into the })urcst gold, the 
philosophizers of the time at once began to spin amazingly elaborate 
webs of theoretical speculation to explain the transmutation. 
Most of their fanciful hypotheses have been lost; those that remain 
are for the most part unintelligible, or, if intelligible, then puerile. 
Yet although they may in themselves be of little value, the fact 
that men were at last beginning to reflect about phenomena of a 
definitely chemical character is an indi('ation that the empirical 
age of chemistry was on the wane, and that theorv and practice 
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were betrothed if not yet married. Tlio desire for wealth stimulated 
the chemist to ingenious labour, and from the few intelligible 
treatises of the early centuries of the Christian Era we gather that 
a wide knowledge of chemicals and chemical reactions had been 
acquired. ZosiMUS the Ranopolitan, for example, who could be 
as incomprehensible as any of his contemporaries of the third 
century a.d., has some lucid passages in wliich he mentions the 
preparation of mercury from cinnabar, of arsenic from arsenic 
sulphide, and of litharge from lead via white lead, together with 
several other operations of a similar kind. However meanly we 
may think of their chemical theory, we must admit that among 
the Alexandrian chemists were many who excelletl at the practice 
of the laboratory. 

The Moslem Chemists.— So matters rested until Islam burst upon 
a startled world in the seventh century a.d. The Moslem Era 
dates from the year a.d. 622, when the Prophet Mohammed, 
despised and rejected of his fellow-townsmen of Mecca, fled to 
Medina, there successfully to pursue his task of welding the hetero- 
geneous tribes of Arabia into a powerful and united nation. Within 
one hundred and fifty years from the date of the Flight, Islam had 
subdued by far the greater part of the ancient world, and her 
armies were but a few days’ march from Paris and ttu' shores of 
the English (Tiannel. Repulsed by Ciiakles the HammI’.r at 
Poitiers, the Moslems retired beyond the Pyrenees, but from Spain 
they were not dislodged until the close of the fifteenth century. 

For some five or six centuries, Islam was the repository of wisdom 
and the acme of civilization. To the cultured and courtly gentle- 
man Saiadin, Richard Cceur de Lion must have appiMted an 
uncouth though courageous barbarian, imbued with manly virtue 
but sadly lacking in refinement. In the realm of learning the 
circumstances were similar; Christian students flocked If) Moslem 
universities, and Greek knowledge reached the West mainly by 
way of Latin translations of Arabic versions of the Greek originals. 
The love of learning, so intense in medieval Islam, extended to 
the doubtful science of Kheni, which the Arabs, adding their 
definite article al, called alknnia, whence ' alcliCMTiy * and finally 
the modern chemistry, chimie, and Chcmic. 

From the time when they first aiipearcd on the pages of history, 
until the picscnt day, the Arabs have been characterized by their 
sceptical s])irit. Moslems of other races — PfTsians, Berbers, and 
C()j)ts, for example — have not always shared this spirit, but in the 
early davs of Islam the Bedouin freedom from intellectual restraint 
made its influence felt far and wide. As a result, chemistry was 
in part released from the enshrouding bonds of Alexandrian syncretic 
mysticism, and though alchemy, i.e. gold-making by transmutation, 
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was still tlu* })nn(;i|)al ()l)i('(‘t of (lif-PiKiil u.'-(mt(1i, subsidiaiy 
i'^siies wf'ro nuuli t horoiK^hb ii)\ csi ii^^alctl, and an independent 

sci(‘nc(' of rational ('la'iiuslrv .er«*w up ->ide bv ^ido watli its tantastic 
and over'-liadowin.Lt coinpanu)!). 

Anionp^ the eliennsts ol I-lani. the outst.tndiuf^^ were 

thoso of [ \nTK TUN and R\7i. known to bAii'opc as (iKisi^K 

and Rhazrs resprri i\'riv. In spiU' oj inu( h rt*s(‘art'h, lutlt" is vet 
known of the jHMsonahty ol Jaiuk\ but he lived in tlu' (‘itrhth or 
ninth eentiiiy .ukI a lar^a^ iminber <>1 tieatisos on a vaiietv of sub- 
ji'cts ])ass iind(‘r his iiriine. Tfi(‘-«c book', h.ne liitluTlo (‘-.caped a 
full invest i^ati(»n, but in ;::cnrral the\ .in' inaiked b\' a pist n'ali/a- 
Imn of lh(' iinportaiKe of e\]H‘riin('nt and by the dc'senption of laiaa' 
numbers of ('hemieal hu. ts (liat .ipp('.ar in tla'in for the lirst ti ne. It 
is, howe\'('r, only t'* his llu'ory ol the eoiistitulion of metals that we 
need refer here, for that theoi\ a direct dc'stend.int of ih<“ \risto- 
tehan thc'oiv of the t \^'o exhalations ^xive ris(‘ m tlu'courso (>[ tiuK' 
to the; phlogiston theory ol ('omlant ion. 

Jauir ace('pt(‘d the (xxh.alation theory m its m;nn priiKUplc'S, but 
s(‘enis to have n'gardcal it as too indelmile to (‘Xjilain observed 
fa('ts or to altord a guide to piactK'.il methods (A iraiisinut ation, 
He therefore modilied it in such a fashion as to m.ala* it l(‘ss va'^iu', 
and the suggestion 1 k‘ advanced sur\i\(‘d, with some ail ('rai mris 
and additions, until it wan alisorbed in the altradivt' but illusorv' 
theory of Iha iliCR and SiAlii . 'khe two exhalations, j \i>>ik belieyed. 
w^hen imprisoned in tlu' bow'els ol the earth, were not iniuiediately 
chang(‘d into minerals or met ah, but uiuu'iwi'nt an interuK'diatc' 
con\’(‘rsion. 1'he dry or smoky exdialation was con\'(‘rt('d into 
suliihur and the watery exh.dation into meniiry, and it w.is onl\' 
by the subsequent combination of sulphui and nu'reury that mt't.ds 
wen^ formcKl. 'Jdie reason of the exisienci' ol diifenmt x’arieties of 
metals is that the sul])hur and ukucuu are not ahvays jiure, .ind 
that they do not alwa\s combmi' in the same ja opui i ions. It 
they are peih'ctly pure, and if, also, the\' combiiu' in the most 
complete natural equilibrium, then the tiroduct is the most iierfect 
of ini'tals, namely gold. Defects m jiurity or proportimi oi both 
result in the formation of silver, lead, tin, iron, or copper, but 
since these metals ari^ (‘ssentiallv comjiosed ol the s.iiiu‘ constitiuaits 
as gold, the accidents of combination may be remo\’ed by suitable 
tnxitment. Su( h tri'atnumt is ilu' object of aUlu'invx 

'I'o the modern chemist it will at oik'c occui that the above theory 
might easily have been tested bv exjiiTimental attempts to obtain 
metals by tlu' combination of sulphur and meicur\'. He may be 
(juite sure tliat such an ob\ aais deduction was not oyerlooki'd by 
Jaiuk, for in one of his book-, he desenbt's su<d) an c‘X])eriment and 
states that the product w’as merely cinnabar (llg'^). hrom observa- 
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tions such as tins, Jabik was fom^d to tlic conclusion that tlic 
sulpliur and ttktc iiry ol whiOi Ik* ^iippoK'd nK*tdls to be composed 
are not the wt'll-known substances that go by these names, but 
hypothetical substances to which ordinary sulphur and mercury 
form the closest available a])proximations. To jmt it another way, 
he was led to postulate an abstract or ‘ ideal ' sul])hur and mercury, 
a type of theoretical device (piite legitimate in itself but demanding 
a cautious attitude on the part of tlu* user. Such abstractions 
are common enough even in modern clK'ini.-^try, but the dangers 
attaching to th(*ni are more* adequately ieah7(*d. 'I'hus, though 
Jabik’s hypothetical siil])hur is exactly on a jiar with our ‘ ideal 
gas ’ or ‘ p(*rfect semiqierrneable membraiK*,’ every chemist appre- 
ciates tlu* tact that it would be a waste ol time to indulge in the 
search for cither, and knows that they aie men'ly useful con- 
trivances to simplify argumi'nt. Ilow far Jaiur’s abstractions 
w'cre from -^haring this innocuous character the subsequent history 
of alchemy m:imfeFts (uilv too plainly; yet the sulphur-mercury 
theory of metals rej)resented a distinct advance u]X)n any that had 
j)reccd(Ml it, and satisfied the inte!k‘ctual curio aiy of many brilliant 
scientists for a very lengthy period. 

Kazi (Slib-q.yy) was a man of rather less tlian Jabir’s intellectual 
calibre, Imt surj^assed him in the oid<‘red claiity oJ his mind. Like 
Priestley, he v/as a born exiiei imenter with a ])assion for writing, 
w’ilh the result that in his books w'e hava* a better picture of the 
extent of Moslem clKMiiical knowledge of tlu* early tenth centuiy 
than exists of any eaiher (u subsequent period. Since, however, this 
[picture dejiicts mainly the a]>paratus employed and the chemicals 
used, we may leave the readei to refer to the textbooks of the 
history of chemistry if he d(‘siies to study it m detail. More 
lelcvant to our pncseiit purpose* ls the viokait attack on alchemical 
pretensions maiie by the ( ek bnited Ibn Sina (Avicenna), who 
lived troin ()So to Tojt> or 1037 . Ibn Sin\ — ])hilosopher, physician, 
l)(jet, and statesman — ma.ntained against the alchemists that the 
yellow solids they produced were merely mutations of gold. They 
can, he says, yiroduce tliese imitations wKh so gieat a degree of 
accuracy as to deceive even the slircwdest, but in such alchemical 
metals the essential nature icmains unchanged: they are .simply 
so dominated by induced qualities that errors may be made con- 
cerning their real naturi'. No true change of a metallic species 
was considered by Ibn Sina to be wdthin the bounds of possibility; 
but he found few to agree with him, and in the end he seems to 
hav^e been convert(*d by his opponents. Ilis ])rotest w%as, how'ever, 
not without avail, for his books w’cre widely read in medieval 
Luro]K‘, and we may be sure that the seeds of .sccqnicism he sowed 
bore fruit in due season. 
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Medieval Europe. — During the twelfth to fourteenth centuries 
chemistry was impoited bodily from Islam to Latin Christianity. 
Unfortunately, however, it was the alchemical as})ect that received 
most attention and found the most enthusiastic f illowing. Eaily 
Latin treatises on (hemistry are almost entirely obsessed by the 
search for the eli\irs, two marvellous catalysts that wxtc to convert 
the base metals first into silver and then into gold. Even such 
enlightened spirits as Rogkr Bacon (1214“ 92) were not sufficiently 
ernanci])att*(l to coinaavc the idea ol chemistry simply as a branch 
of knowledea', and Bacon’s own canon, Noi/iifif^ can he certainly 
kjurmi cMcpt by c\l'>criencc, was by no means equivalent to the 
( anon of sc iiaice, Nothine^ tan he certainly known except hy experiment. 
Bacon’s ‘experience' admittedly included experiment, but it 
included also intuition and sj)iritual illumination, so tliat his 
jxjsilion was radically different from the rationalistic attitude of 
modern science. 

The theories by which th(' alchemists end(‘avoured to order 
their indidatigabh' invc'stigations must not unduly delay us, for, 
though they served to maintain experimental ardour, they wxtc 
far more of a hindranc e than a help in every other way. Particularly 
by attracting the foolish, the dislioiu^st, and the incaiiable to the 
pursuit of transmutation, alchemy bec'ame the object oi contemiit 
and sus])icion on the part of educated and clear-thinking men. 
CiiAUcrai’s derisive satire on alchemists in the Tale of the Chanouns 
Yeoman was thoroughlv deserved, while the Ordinall of Alkimy, 
written by Thomas Norton of Bristol in 1477, is tyqiical of medieval 
alchemical literature in describing enoneous facts in ambiguous 
language. That metals grow in the earth like potatoes; that lead 
and tin are merely ' unripe ' gold; that gold jmiduces seed which, 
if .sown in mercury or some other suitable soil, will give rise to a 
golden crop; that metals have sexes and by approjiriate matrimony 
may be made to give birth to gold and silver— these and similar 
ideas are commonplaces of alchemical thought. Later develop- 
ments were still more remarkable: the elixir was man himself, and 
transmutation could be effected by means of quinte.ssence of 
human brains or by the employnient of some other natural or 
artificial human product. Finally, alchemy became completely 
estranged from the laborator^g and was absorbcxl by such fraternities 
as the Bretliren of the Rosy Cross. Its further history is a part 
of the history of man's credulity. 

During the alchemical period of the development of chemistry 
there was, however, much useful discovery, even though this dis- 
covery was a mere by-product. Alcohol, nitric acid, sulphuric 
acid, hydrochloric acid, silver nitrate, mercuric chloride, and many 
other essential chemicals, were first prepared and investigated by 
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the alchemists. Such operations as calcination, distillation, sub- 
limation, crystallization, filtration, and reduction were carefuliv 
elaborated and described, and the construction of ap])aTatus 
received due attention. The application of chemistry to the arts 
was not neglected, and primitive chemical industries began t(j make 
their appearance. The facts necessary for future progress were 
at length available, and when the time was propitious Nature as 
usual bore the man who was to provide the requisite stimulus. 
His name was Paracelsus. 


The Period of Iatrochemisi ry 

Paracelsus. — The stimulus applied to chemists by Paracei.sus 
(1493-1541) was both rude and sharp. A man of t^xtraordinary 
ability and ecpially extraordinary behaviour, Paracelsus' chief 
characteiistic was a supreme contempt for authority. Having 
become town physician to the city of Basel— throngli a curious chain 
of circumstances — lie made a bonfire of the medical and alchemical 
textbooks then popular and proclaimed his own scientific views in 
arn‘stmg, if bombastic, tones. Though he did not deny the ])os- 
sibility of transmutation, and had the most bizarre o])inions on 
the relation b('tween alclicrny and the microcosm, he maintained 
that the search for alchemical gold should not be the chief end of 
alchem3^ Chemists, he averred — and by chemists he was candul 
to sa^^ lie meant men who knew the discipline of the laboratory, 
not those who sat in their studies dreaming the dreams of mystical 
transmutations — should devote their main energies to the produc- 
tion and purification of drugs for the alleviation of human suffering. 
He saw that the possibilities of chemo-therapy were unlimited, and 
called upon his fellows to leave tlieir nauseous old-wives' bn^ws 
for the remedies that a properly orientated chemistry could provide. 
In s])ite of his disagreeable personality his a])])eal was a success, 
and the period of iatrticheinistry, or medical chemistr}^ was 
inaugurated. 

The importance of tliis revolution was twofold. In the first 
place it diverted the energies of the more reasonable cherni''.ts into 
a saner channel, and in the second place it encouraged physicians 
to undertake the study of ('hemistry. Cliemistry soon became a 
necessary part of the education of a medical student, and began 
to be taught in colleges and inetlical schools. Alchemy was by no 
means extinguished; indeed it reached the zenith of its populaiity 
in the century and a half after the death of Parac elsus — but it 
continued to attract fewer and fewer of the bt'sf minds, and was 
gradually recognized to be a mischievous delusion. 
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Tatroclieniistry was fertile in Hie tli‘,e(»\ (M V c)t lU'W substances 
and new methods, but as liaiieii as alchemy in matters ol theory. 
Vahacklsus himself believed that the umviTse .is a whole and all 
the objects in it were endowed with life, and that material sub- 
stances, vv^hile ultimatc'ly C()m])()Si‘d oi tlu' lour Aristotelian elements, 
are immediatiOy m.'idc up ol thrc'e primary bodies (‘hypostatical 
Iirinciples '), vi/. sa//, suJhhur, and mercury- cc)Tr(\spoiidin{^ to 
body, spirit, and soul. As with the sulpjmr and mercury of the 
Moslem alchcanists, these piimar>y' bodices are merc'ly abstractions 
of qualities, and their ]irincip;d me lit is that their inadecjuac'y later 
on j’>r()\'oked tlu‘ i^reat IJovi l to wute Ins masterpiece, 'J/ic Serplieu! 
dJiymist. 

The ])nneipal iatrochennsts, after Pakac ir si's himself, were 
Ltbavius (i54o-ihj()). \'an ITkimom 14), aiul Xicoi.as 

LiAmkry (t()45 1715). 

All three of tliese mem made* usc'ful conlributimis to i)ractical 
cheunistry, wl>ile Tihavk’S .md IjoMi-Jv’V an* notewoiiliy loi their 
reasonable scumtitK: outlook, from winch the taint of the* occult 
was largely absc'iit. Ti'mfkv's gieat texth>ook the^ Coins dc 
C7/\’;;nc— is a plain and straight foi w.ird aca'onnt of the ])repara- 
tion and j)r()]K‘iti(‘S ol subsl;mi'e‘s, much on the* Inu's ol a modern 
treatise; w'hile* the theories it contains ;ire cletinite*l\' attempts to 
explain obseavesl facts on lalional grounds. PARxeiisrs’ s[>iTit 
of libeiation had now aehicAed victoir, aie.l c heamstiA' was soon 
to become as fre'e* liom subse'rvienc e to mc'dic na* as he had taught 
it to be Irom alehemy. 


Tin: Jh'.RKU) of PxFUMA'IU ('fllAMlSTFV 

The Scientific Age.— ('onUMuporane'ons w^itli v ax Hfimcixi was 
(iAiiJjLO GalilI'I (j5()4 -i(k| j), the man who above all cdlieis 
created the modem \voiid. Whem (iAFiiio turned Ins newly- 
constructed telescope towards the moons ol [14)11 c‘r, he* alteied the' 
wTole eouise of history, for the observations he made enabh'd the 
human intelligence* to overthrow^ the stilling burden ot scholastic 
philosophy and to (’ject cca'l(\siast ical authonl\ from thci autocratic 
control it liad hitherto jios.sessed ov'cr tlie facultv' of nsison. Among 
the sciences, physic's w^as the fust to benelit bv the* trium])h of 
astronomy, Iml cdiemislry was not long in lallinc into hue. In the 
yc*ar of Gaiaifo's death, l^mFKT JhavLE (i()2; <p) w.is a boy ol 
fifteen, dabbling with chemicals in a Dorset village. A dozem yc'ars 
later llie Wardc'ii ol W’adhani invitc'd him to O\toid, and the* future 
of chemistry wms assured. 

Robert Boyle. T>c)\iA’’s work on gasos 1; too W'ell known to need 
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more than a brict mention. He pcrtccted the air-pump previously 
invented by von Gukku kk^ confirmed and extended 'roRUiCELhi’s 
experiments on atmosjiheric jiressiirc, and discovered the celebrated 
law that passes under his name. \Xg shall see shortly that these 
advances in gas technicjue had considerable influence upon sub- 
sequent progress in chemistry, but for the moment we must turn to 
Boyle's demolition of the Aristotelian elements and the Paracelsan 
hypostatical principles. In The Sceptical Chymist (1661) he asks 
what real evidence there is that such principle's or elements exist, 
and what reasons tliere are Itir supp<.)sing that, even if they do 
exist, they form the ('omnion constituents of material objects. It 
is true that when a jiiece of dry wood is burned, lire, water, smoke 
(or air), and ash (earth) are produced, but he points out (^7) that 
there are no grounds for supposing that these substances were 
present in the wood beiore combustion, and (h) that there is no 
evidence whatever that the fire, water, smoke, and ash are not 
themselves complex substances. He continues as follows: 

' Since, in the first plac(\ it may justly be doubted whether or 
no the fire be, as chvmists suppose it, the genuine and universal 
resolver of rnixt compound bodies; 

‘ Since we may doubt, in the next place, whether or no all the 
distinct substances that may be obtained from a nuxt body by the 
fire were {ire-exist(‘nt th<-n‘ in the formes in which they were 
separate! 1 from it; 

‘ Since also, though we ,diould grant the substances separable 
Ironi mixt boclies by the hit' to have been their component in- 
gredients, yet th(' number of such sub'dances docs not appear the 
same in all niixl bodie.^, sonic of them Ix'ing resoluble into more 
differing substances than three; and others not being resoluble 
into .so many as three, 

‘ And since, lastly, those very substances that are thus .separated 
are not for the most jiart pure elementary b(x.lics, but new kinds of 
rnixts; 

‘ Since, I say, th<‘se things are so, 1 hope you will allow me to 
inferr, that the vulgar experiments (I might perchance have added, 
the arguments too) wont to b(‘ alledged by chymist s to prove, that 
their three hypostatical princijdes do adr'^piately compose all mixt 
bodies, are not so demonstrative as to induce a wary person to 
acrjuiesce in their doctrine which, till they explain and prove it 
better, will by its perplexing darkne.ss be mc)re apit to puzzle than 
satisfy considering men, and will to them appear incumbered with 
no small diffii ult les.' 

Boyle then suggests that theie is no cogent rea'^!)n lor assigning 
any arbitrary limit to the nunibei of elements; a more reasonable 
course, he maintains, is to conduct exjrenmt'iits to try to discover 
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liow many thoie i\rQ. The contrast between this attitude and 
tliat adopted by cailier clieinists is complete; the influence of 
GaiilI'X) \^'as beginning to make itself felt throughout the body 
scientific, and the authority of Aristotle was rapidly diminishing 
almost to vanishing-])oint. Bovle is, however, not content with 
mere destructive criiicism; he immediately proceeds to define his 
own view of an ' element ' as it should be conceived in chemistry: 

‘ I mean by elements, as those chy mists that speak plainest do 
by their Principles, certain primitive and simple, or perfectly 
unmingled bodies; whicli not being made of any other bodies, or of 
one anotlier, are the ingredients of which all those called peifectly 
mixt bodies arc immediately compounded, and into which they 
are ultimately resolved. ... I must not look upon any bod\ as 
a true principlt' or element, which is not jierfectly homogeneous, 
but is furtluT resolvable into any number of distinct substances.’ 

Idle reader will here recognize our own definition of an element, 
exjjressed in the language of the seventeenth century. Except for 
the fact that the atoms of elements can, by certain physical processes, 
be split up inb) electrically charged parti( les, the definition as it left 
Boyle’s hands has remained unchanged to the present day. 

The Theory of Phlogiston. — Thougli Boyle's destruction of the 
peripatetic ' elements ’ and the substitution for them of exjieri- 
men tally discoverable elements was of more fundamental impor- 
tance than his work on gases, it was the latter that exerted the 
more immediate effect upon the progress of chemistry, d'he rank 
and file of the chemical army were not yet mentally ])re]>arcd lor 
such a revolution as the acceptance of Boyle’s views would have 
entailed. On the other hand, the spirit of inquiry and experiment 
was vigorous, so that the new possibility of in\'estigating thos(* 
wild, aeriform bodies, hitherto untamable and elusive, attracted 
the attention of many skilful experimenters. 

At the same time, the d'cutonic inner consciousness of Beciiek 
(i()35-82) and Stahl (1660-1734) had evolved a theory of com- 
bustion that held sw^ay in cliemistry for over a century. Basicalty, 
it was a development of the old sulphur-mercury theory, and its 
pedigree may thus be traced back to the Aristotelian exhalations; 
a remarkable example of the tenacity of ideas. On the sulphur- 
mercury theory of metals, the combustion of a metal was explained 
by assuming the loss of its sulphureous constituent. Advancing 
knowledge soon rendered this primitive suggestion untenable, and 
the further hypothesis was made that a combustible body owed 
its ‘ combustibility ’ to the presence in it of an oily constituent. 
Sulphur, from its greasy feel and from its oily appearance when 
molten, was believed to be ’ an oily fatness of the earth ’; hence 
a metal, containing sulphur as an essential constituent, would 
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necessarily be combustible. The residue left after the calcination 
or burning of a metal was regarded as composed of the mercurial 
constituent, contaminated with more or less earthy impurity. 

Bechkr and, more particularly, his disciple Stahl crystallized 
this rather amorphous theory into a useful scientific tool, and 
although it long outlived its usefulness and became an incubus, it 
must be regarded as the first great theoretical structure of experi- 
mental chemistry. According to Stahl, a ‘ combustible principle,* 
phloc^iston (from <f>XoyL^eLv, to inflame), is contained in all com- 
bustible bodies, and is given up by them on combustion. Phlogiston 
becomes appreciable to the senses only when it leaves the body with 
which it was combined, and appears in the form of lire with its 
accompaniments of light and heat. The richer a substance is in 
phlogiston, the more easily it may be burnt, and the more ready it 
will be to give up phlogiston to substances that do not already 
possess it, or ]ioss(‘ss it only in small quantity. As for the actual 
process f)f combustion, this is merely a liberation of phlogiston from 
the body which is being burnt. 

Now practically all metals may be converted into an ash by 
means of h(\at, evcai though they may not be inflammable in the 
ordinary sense of the word; the metallic ashes were known as the 
calces of the metals and the process was called (ah ination. According 
to Stahl, the calcination or burning of a metal was to be explained 
in the same way as the combustion of any other combustible body, 
namely by loss of phlogiston. Metals, in short, were to be con- 
sidered as compound bodies, each composed of two constituents; 
])hlogiston and calx. Different metals naturally have different 
calces, but the dual composition is common to all metals. Oil, 
(harcoal, fats, etc., which burn away almost completely and leave 
little residue, arc, from that very property, extremely rich in 
phlogistfHi. Hence, if a metallic calx is heated with charcoal, for 
instance, one might expect the charcoal to give up some of its 
phlogiston to the calx, thus reconverting the latter into the 
UK'tal. The fact that m^ tallic calces can thus be * reduced ’ to 
metal by heating with charcoal had, of course, been known for 
centuries, and at length a reasonable hypothesis was advanced to 
explain it. 

The reader will do well to assimilate the habit of mind of the 
phlogiston chemists in order that he may gain a clear understanding 
of the merits of the phlogiston theory, and realize the magnitude 
of the task undertaken by Lavoisier when, towards the close of 
the eighteenth century, he set out to overthrow it. The rise and 
fall of phlogiston form an object-lesson on the nature of S('ientific 
truth and on the provisional character of scientific theories all the 
nir)re valuable in that the issues are rarely to be found so sharply 
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defined elsewhere, d'lie jxissa^e is taken from Watson's 

( hcmical Essays (J7M), vol. i; it dcbcrihe.^ the thcoiy so lucidly 
that it is worthy i;f dose attention. 

‘ P'lre enters, in different pronraiifins, into tlie composition of 
all ve/.,"c tables, and animals, and most minerals, and in that con- 
densed, comjjacU'd, fixed stale, it has bc'en denominated the 
Phlogiston. Of itsdf 111 its natural si.jtc of uiK'oinbincd expansion, 
fire is not exteemed capable of shiniiiL^, or liurnmt;; when chemically 
conjoined with the othei principles of bodies, it is (hat alone which 
conceives and continues those motions, by which bodu‘s arc made 
tf) shine, to burn, to ccjusumc away. All bodies are more or l(“ss 
susceptible of combustion, accordni^^ to the quantity of this ]irin- 
ciple which (mti'rs into their composition, or the dei^ree ol hace 
with which it adlnaes to them. In the act of burniu!.;, and, it may 
very probably be cluriuf^ the lamentation, and initida^dion, and 
chemical solutions of various bodies, it recov^(‘rs its fluidity, is ex- 
panded and disjieised into the air, or combi ncul anew with such 
substances as it has an attraction to. Not wit hstandini; all that 
pel haps can be said upon the subject, 1 am sensible the readc'r wall 
be still ready to ask ichat is fhlogistoiP ^’ou do not surcl , (expect 
that chemistry should be able to juvsent you with a h indinl ol 
plilof;iston, separated from an inflammable bod\'; von may just 
as reasonably demand a handful of ina;;];n<'lism, ^’,ia\:t\, o»' elec- 
tricity to be extracted fiorn a ina;.^netic, w'eiehty, or elect iic bodi^’; 
there are powers in nature, which cannot otherwise b(‘Come the 
objects ol sense, than by the effects they juoducix and ot this kind 
is ])hlogistoTi. Tint the following expc?rim(mts wall tend to rendrr 
this perplexed subject soincwvhat more cltair. 

' If you take a piece of sittplmr, and set it on fn(\ it wall Inirn 
entirely away, wathc)ut leaving any ashes, (.a yu'lding any soot. 
During the burning of the sulphur, a cojdou^ vapour, jiow’erj Lilly 
affecting the organs of sight, and smell, and the action of the lungs, 
is dispersed. Means have been invented for collecting this vapour, 
and it is found to be a very strong acid, 'flie acid thus jirociircd 
from the burning of sulphur, is incapabk* of btang either burned bv 
itself, or of contributing towards the sujqiort ol hie in other bodies; 
the sulphur from which it was procurecl wais capalilc ot both; there 
is a remarkable difference, then, betwecai the acid, proem (al from 
the siilplnir, and the suljiliur itself; the acid cannot be the only 
cemstituent part of sulphur, it is evident that something else must 
have entered into its composition, by which it was rendered capable 
of combustion, this something is, from its most lemarkable projierty, 
that of rendering a body combustible, projxMly enough denominatcid 
the food of fire, the inflammable prina'plc, the phlogisiun. 

‘ From this analysis w'c may concliuk*, that the constituent parts 
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of sulphur are two — an in fluinmahlc principle, which is dispersed in 
the act of combustion, and an ucul. . . . 

‘ If you burn charcoal in the open air, and hold a glass over its 
llamc, you wall perceive that it burns witlmut emitting either any 
watery vapour or sooty impmity, and nothing will remain, from 
a large portion of charcoal, but a small portion of w^liite ashes, 
which are inc'apablc of any lurther combustion; the principle 
effecting the combustion of the charcoal, and dispersed by the act 
of combustion, is the phlogiston. 

11 you set spirits (p n-'nic on iiie, they wall, if pure, burn cntin'ly 
away; they dillcr from chaicoal m this, that they emit a vapour; 
Init tliey leave no n’sidnum. Yon may by ])ro[)er vessels ('ollect 
tile \ apoiir ol l^nrning sjurits, and you wall find it to be an insipid 
water, incapable <*1 combus'ion. Th(i ]>iiiiciplc effeding the 
combustion of the spiiits ot wane, and d^.^]>eJ^ed by the act of 
combustion, is tiie jjlilogi.-^lon. 

' vSomc mclallic substances burn, w’lien sufficiently heated, with 
a flame more blight than that of sjiints of wm^ , or cliarcoal: others 
burn or sinothei awMv like rotten wood, and most c>f them, when 
they havt‘ beiai kej-t in tlu' open air in a i)ro])er degree C)f licat, 
los(' their metallic .ippeaianu^, and are converted into earth. 'I'hus 
red lead is the eaith pnx'orod from I lie burning of lead; and putty 
such as the ]hi|! hta-. of glass and marble use, is the earth procurtal 
from tin; iIk' ])rin(a])]e rikHiing the combustion of metallic 
snbstniK es, and dispiasod in the act of coinlmsiion, is tlu' phlogiston. 

‘ 'I'lie and of the hulplinr] the ashes of I he charcoal; the 7cater of 
(he spirits of '(Cine; the earths oj metallic substances, aie utterly 
incapable of eombiislion; {h(ar n\sj)ective differences from sulpliur, 
cliarcoal, spirits of wine, and nudalhc substances, will) rc\spect, not 
only to mfiamni.ibility, but to sint'll, colour, consistency, and other 
[)ro])t“i 1 ies, are aftiibuti'd to the jihlogiston w'hic h is dispersi‘d 
during tile combustion oi each of them. 

‘ riiis inflammnbie ]inncaple, oi ]'hlogiston, is not cmc thing in 
animals, another in \'(‘g('tabl'‘s, anoilior in inuiei'als, it is absolutely 
the same in tluan all, jiisl as waiter wlucli enters into (he eom- 
positiun ol flesh, woodi, coal, is .-till water, tliough its existence and 
homogeiudty be lendcaod more doubtliil in some subsliinees tlian 
in otlua.s. 'fins idcnlilv ol jdiiogiston ma\- bt; proved fifun a 
v ariety of dec isivc^ (‘\[)ernnents , 1 will Mh-ct a few, which may at 
the same time conliini whal has been advancc-d eoiueining the 
constituent parts of suljilinr. 

‘ From the anabasis 01 d«*('om]K)sition of sulphur erfe('ted by 
burning, we have conchid< d, th,n t!u‘ lonsiiliic'in parts oi sulphur 
arc two — an add w'hic'li niav be eollrcb'd. and an inflammable 
principle which is dispiTsc'd , if llu' nsidca has yet acquired any 
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real taste for chemical truths, he will wish to see this analysis 
confirmed by synthesis; that is, in common language, he will wish 
to see sulphur actually made, by combining its acid with an in- 
flammable principle. It seldom happens that chemists can repro- 
duce the original bodies, though they combine together all the 
principles into which they have analysed them; because not only 
the number and proportions of the principles, but the order also 
of their arrangement must be observed, before that can be effected; 
in the instance, however, before us, the reproduction of the original 
substance will be found complete. 

‘ As the inflammable principle cannot be obtained in a palpable 
form separate from all other bodies, the only method by which 
we can attempt to unite it with the acid of sulphur, must be by 
presenting to that acid some substance in which it is cf -ntainecl. 
Charcoal is such a substance, and by distilling powdered charcoal 
and the acid of sulphur together, we can procure a true yellow 
sulphur, in no wise to be distinguished from common sul])hur. 
This sulphur is formed from the union of the acid with the ])hlogiston 
of the charcoal ; and the charcoal may by this means be so entirely 
robbed of its phlogiston, that it will be reduced to ashes, as if it 
had been burned. Animal substances reduced to the state of a 
black coal, will, by being treated in the same way, yield sulphur. . . . 

* Lead, it has been observed, when melted in a strong lire, burns 
away like rotten wood; all its properties as a metal are destroyed, 
and it is reduced to ashes. If you expose the ashes of lead to a 
strong fire, they will melt; but the melted substance will not be a 
metal) it will be a yellow- or orange-coloured glass. If you jicund 
this gla.ss and mix it with charcoal dust, or if you mix tlie ashes ot 
the lead with charcoal dust, and expose either mixture to a moKiug 
heat, you will obtain, not a glass, but a meial, in weight, colour, 
consistency, and every other property the same as lead. This 
operation, by which a metallic earth is restored to its metallic 
form, is called Reduction, The ashes of lead melted without charcoal 
become glass] the ashes of lead melted with charcoal become a 
metal] the charcoal, then, must have communicated something to 
the ashes of lead, by which they are changed from a glass to a metal; 
charcoal consists but of two things, of ashes, and of phlogiston] 
the ashes of charcoal, though united with the ashes of lead, would 
only produce glass; it must therefore be the other constituent part 
of charcoal, or phlogiston, which is communicated to the ashes of 
lead, and by a union with which the aslies are restored to their 
metallic form. The ashes of lead can nc^'er be reduced to their 
metallic form, without their being united with sonic matter con- 
taining phlogiston, and they may be reduced to their metallic 
form, by being united with any substance ccmtaining phlogiston in 
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a proper state, whether that substance be derived from the animal, 
vec^ctable, or mineral kingdom (for tallow, or iron-lilings, may be 
substituted with success in the room of charcoal, in the experiment 
of reducing the ashes of lead), and thence we conclude, not only 
that phlogiston is a necessary part of a metal, but that phlogiston 
has an identity belonging to it, from whatever substance in nature 
it be extracted/ 

It is clear from this extract that the phlogiston theory had no 
little success in explaining simple clieinical phenomena. An 
unexpected relationshij) between superficially diverse facts was 
elegantly derived from a consideration of those facts in the light 
of the theory, and predictions made on a theoietical basis ])ro\ed 
to be fulfilled when tested by experiment. The reactions of snl])hur 
and siilphuiic acid that Watson describes ran be so ade(}iiately 
explained in terms of idilogiston that we begin to understand the 
hold that the theory possessed over even the most brilliant chemists 
of the fdghteenth century. It gained a further triumph by its 
(explanation of the following phenomena. If zinc is dissolvc^d in 
dilute sulphuric acid, a colourless inflammable gas is evolved and 
a s(.)liitK)n of white vitriol remains. The inflammable gas was 
regarded as practically pure, though somewhat damp, ]>lilogiston, 
and the reaction was ex])lained by supposing that the acid split up 
the zinc into phlogiston (which was evolved) and zinc calx, the latter 
(lis.solving in the acid to form the white vitriol. A logical deduc- 
tion from this hypothesis is that if zinc is first burned, so removing 
its phlogiston, the residual zinc calx should dissolve in dilute sul- 
])huric acid, to yield a solution of white vitriol without evolution 
of the inflammable gas. ICxperirncnt show^s, of course, that this 
cleflucticiii IS correct, for the reaction takes place exactly as foretold. 

I'urther, it follows from the phlogiston theory that if a metallic 
calx is heated in the above-mentioned inflammable gas, the metal 
ought to be regeiH^rated — a deduction again in y^erfect agreement 
with exiieriinentally established fact. Finally, the facts that a 
(‘(Jinbustible substance will not burn in a vacuum, and that its 
flame is soon extinguished in a limited supply of air, were explained 
by assuming that a medium is necessary to absorb phlogiston, just 
as a sponge absorbs water. 

As to the nature of phlogiston itself, since it proved impossible 
to i^^olate this * inflammable principle ' its properties haci to be 
deduced from observation of the reactions in which it was supposed 
to take part — in exactly the .same kind of way as the proj)erti('s of 
fluorine were deduced long before the element itself was isolated. 
According to Macquer, phlogiston is dry, volatile, very ajH to 
assume an igneous movement, capable of combining with primitive 
princij)les such as earth and water — but in the latter case with much 
R 8-i5-ioni 
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more difficulty; it enters into the composition of an extremely 
laiT^e number of coni])ounds, to which it gives the property of 
inflammability; it may pass from one camipoimd to another; it is 
identical in whatever compound it may be found; and it is probably 
not ' elastic,’ i.e. it does not behave as a gas. 

Reflection on the ])hlogiston theory will show us that the real 
fault lay in the fact that chemists were still trying to explain the 
composition of material bodies in terms of qualities. Phlogiston 
was, in efh'ct, the quality of inflammability rather than a material 
principle of inflammability; and though the imj)ortauce of the 
theory can scarcelv be overrated, in view of thi? large number of 
hitherto heterogeneous facts that it brought to a common denomi- 
nator, it could never have attained its actual degree of success if 
Boylk’s destruction of the Aristolehan elements had been ])Topcrly 
appreciated. As it was, the advantage that clu'iinstry gained from 
phlogiston was considerable; but on looking back from our ])rcsent 
standpoint we realize* that even greater advantage would piobalily 
have accrued from its absence. This is the reason for the dia- 
metrically opposed views on phlogiston to be lound in moch'rn 
textbooks. Some writers ])lainly perceive that the phlogiston 
theory was undeniably a great triumph of theoretical chemistry, 
others maintain that it was a serious and unfortunate obstacle to 
chemical progress. Both views are justified: a brilliant success 
that prevents an even more brilliant is relatively a hindrance ; and 
if it could be incontrovertibly proved that chemistry would have 
advanced more rapidly had phlogiston never ap])eared on the 
eighteenth-century scene, the universal opinion would of course lie 
unfavourable to it. 

The Chemistry of Gases. — We must now briefly consider some of 
the work on gases earned out by such men as Black (i728-c)f)), 
ScHEELE (1742 -86), Cavendish (1731-1810), and Pkiesti ev (1733 
1804) — all of whom, it may be noted, were adherents of the jihlo- 
gist on theory, though Black renounced it in 170T. A detailed 
account of the discoveries of these celebrated ' pneumatic chemists ' 
is here unnecessary, since, with the exception of Black, none of 
them made important contributions to chemical theory. 

Until the eighteenth century was well advanced, the conception 
of gases as individual species of matter had gained little credence. 
The generally accepted belief was that any aeriform body differing 
from atmo.splieric air was air contaminated with various impurities. 
The old idea of qualities here crops up once more. Atmospheric 
air is the elastic fluid par excellence. If its usual qualities are 
removed or obscured, and new qualities are impressed upon it, 
the product is still ‘ air,’ even though its proyierties are profoundly 
different As late as the closing years of the century, such names 
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as ' fixed air ’ ‘ mephitic air ' and ‘ inflammable air ' were common 
currency; and their disuse may be regarded as one of the turning- 
points of chemistry. 

The word gas was invented by Van Hklmont (p. 16), who was 
sufficiently in advance of his time to realize, if dimly, that atmo- 
spheric air was only one example of a whole class of bodies. He 
himself recognized two fin i her examples, viz. gas silvcstrc and gas 
phmuc. ' Gas silvestre ' was the name he a])plie(l to aii}^ gas 
(e.g. CO.J that would not support combustion, while ‘ gas jiingiie ’ 
implied any inflammable gas. This modest V>egiiining had little 
sequel until a century or so later, owing to the experimental 
difficulties of manipnilati ng gases. When, however, thniugh the 
efforts of a succession of workers, the pneumatic trough was finally 
elaborated, progress became rapid; discovery after discovery came 
in quick succession, and the age of pneumatic chemistry had arrived. 

Bl.^ck’s classical research was u])on carbon dioxide and its 
reaction with quicklime and the caustic alkalis. His papers have 
been rej)rinted by the Alembic Club (A.C. Reprints, No. i), and 
tlie student is strongly recommended to read them. The whole 
mve.stigation was a model of skilful experiment and brilliant logic, 
as may be realized l)\ the fact that the results and explanations he 
arrived at are those that we ourselves still acce])t. Summarily 
expressed, Black's observations and deductions were as follows: 

Observations : 

(I) When chalk is coiivt'rted into quicklime a loss in weight 
occurs. [Note the use of the balance * at that time quantitative 
work was rare.] 

(II) This loss in weight is due to evolution of a gas, jixed air 
[i.e. COJ. 

(lii) Magnesia alba [a carbonate ol magnesiumj undergoes a 
similar loss in weight, and for a similar reason. 

(iv) Mild alkalis [NagCO^ and KgCOJ .suffer no such loss when 
heated, though, like chalk and limestone, they lose fixed 
air [COJ when treated with dilute aculs. 

Deductions : 

(i) ('halk, magnesia alba and the mild alkalis contain fixed 
air, which adheres to the last with verv considerable force, 
but with less force to the other two. 

(ii) Chalk is a compound of limestone and fixed air, and mag- 
nesia alba a comj)oiind of magnesia [MgOJ and fixed air. 

Observations ' 

(v) Quicklime ahsorbs w^ater and dissolve's to form hmc -water. 

(vi) Lime-water turns milk\ on exposure to the air. 
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Deduction : 

(iii) The air contains particles of fixed air that combine with 
the lime in the lime-water to form a precipitate of chalk. 

Observations : 

(vii) A certain weight of chalk yields a certain weight of lime 
when heated. If this lime is treated with a solution of 
mild alkali [K2CO3 or Na2C03], it is reconverted into chalk, 
and the weight of chalk so obtained is equal to the original 
weight. 

(viii) After filtering off the chalk, the solution left is a solution 
of caustic alkali [NaOH or KOH]. 

Deductions : 

(iv) The lime took fixed air from the mild alkali. 

(v) A mild ?dkali consists of caustic alkali and fixed air. 

Confirmation of Deduction (v) .* 

A solution of caustic alkali becomes converted into a 
solution of mild alkali when exposed to air, by absorption 
of particles of atmospheric fixed air. 

Black's only other important chemical discovery was that of 
the bicarbonates, yet his work on carbon dioxide, c|uicklimc, and 
alkalis was so great a masterpiece that he is justly regarded as one 
of the principal founders of chemistry. In particular, his recourse 
to the balance, as a servant and as an arbiter, at once raised liis 
work to a much higher plane than that of most of his contemporaries, 
and set an example that never failed to produce fruitful results 
wherever it was followed. 

SCHEELK, a German apothecary domiciled in Swedish Pomerania, 
was perhaps, of all in the annals of chemistry, the most versatile at 
discovery. Chlorine, oxygen, ammonia, hydrogen chloride, hydro- 
gen fluoride, hydrogen sulphide, and arsenic trihydride (arsine) 
are among the gases that he was the first to isolate; while lactic, 
gallic, prussic, oxalic, citric, tartaric, malic, mucic and uric acids, 
pyrogallol, glycerol, and millx-sugar form a few of the organic 
compounds whose discovery or purification are due to him. Anti- 
cipating Priestley in the discovery of oxygen, he was deprived 
of priority in publication by the slowness of his publishers; but he 
went further than Priestley in showing that ordinary air consists 
of two kinds of gas. He noticed also that part of the air is lost in 
combustion, and observed that the residual air was relatively 
lighter than the original air. The part of the air which was lost 
during combustion he was unable to find again. He remarks that 
it miglit be suggested that ‘ the lost air still remains in the residual 
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air wliich can no more unite with phlogiston ; for, since I have found 
that it is lighter than ordinary air, it might be believed that the 
phlogiston united with this air makes it lighter, as appears to be 
known already from other experiments. Rut since phlf)giston is 
a substance, which always presupposes some weight, I much doubt 
whether such hypothesis has any foundation.' Schkele was 
closer than he realized to a supreme discovery, that was, in fact, 
made by the great Frenchman Lavoisier in circumstances shortly 
to be described. In spite of occasional doubts and difficulties, 
Scheele never seriously suspected the jihlogiston theory, even 
wlien Lavoisier’s histone experiments were crtMting a chemical 
I evolution. 

h'or our imiiKidiate purpose, the researches of Cavi:nl)Ish can be 
very hrietly reviewed, though the reader will again be well advised 
to turn to the reprint of some of his chid papers (Alembic Club 
Reprints, No. 3) and study it caiefully. One of CAVENinsn's 
principal discoveries was that of h5/drogen (1766), which he called 
injiammable air and obtained by the action of dilute sulydiuric 
acid or dilute hydrochloric acid upon zinc or iron. He provt‘d 
further (1784) that water, instead of being an element, is a coin- 
piound of inlleimnialile air with dephlogisticated air (oxygiai), 
discovered a few years later than hydrogen by Priestley (ji. 2S). 
Finally he showed that nitric acid and nitre contain dephlogisticated 
air and phlogisticated air (nitrogen), and that atmospheric nitrogen 
contains traces of a constituent (argon) that will not combine with 
oxygen under the influence of the electric spark. Like Scheele, 
and like Priestley — to whom we must now turn — Cavendish 
\vas a disciple of phlogiston, and never retracted his allegiance, 
though this may have been because his mind had become absorbed 
in electrical problems bv the time Lavoisier’s new theory of 
combustion was fully elaborated. 

Dephlogisticated Air. — In August 1774 PRUiSTLEV heated red 
calx of mercury (HgO) by means ot a burning-glass. Much to his 
surprise, he obtained ia) mercury, and {h) a gas with the remark- 
able property of relighting glowing pieces of wood and (jf sup- 
porting combustion in general much better than ordinary air. 
If the reader has assimilated the mam doctrines of phlogiston, lie 
will be able to appreciate Priestley’s amazement at such an 
entirely unexpiected result. According to the phlogiston thetny, 

mercury calx -^mercury - phlogiston. 

Hence to convert mercury calx into mercury, the former must 
snpf)licd with phlogi.stcai, and since Priestley had heated the 
calx entirely unmixed with any other substance, he was at a 
complete loss to account for the phciiomc'non. He was equally 
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unable to offer any suggestion as to the source of the gas that was 
evolved; but observing its striking power of supporting combustion 
he presumed it to be atmospheric air from which phlogiston normally 
present (as a result of the combustion of coal, wood, etc.) had been 
removed, and which had thus been confericd with the power of ab- 
sorbing more phlogiston than it would ordinarily take up. In accord- 
ance with this view he named the gas dephlogisticated air. Not for a 
moment did he conceive the possibility that the facts might be ex- 
plained upon some other theory than that of phlogiston. When the 
need for an explanation became urgent, he vacillated from one un- 
substantial hypothesis to another, finally arriving at the lollowing 
conclusion: In the formation of mercury calx from mercury, viz. 
by heating the metal in air for some considerable time to a tem- 
perature just below its boiling-point, the phlogiston of the metal 
unites with pure or dephlogisticated air from the atmosphere so as 
together to form a fixed air (which is not, in this case, carbon 
dioxide, as with Black). Hence the calx may be said to b(‘ mercury 
united with this fixed air. Then, in a greater degree of heat than 
that in which the union was formed, the fixed air is again decom- 
posed; the phlogiston in it reviving the metal, while the pure or 
dephlogisticated air is set free. Consequently the mercury calx 
actually contains within itself all the phlogiston that is necessary 
to the revival of the mercury. 

This invoK^ed suggestion is typical of the subsidiary hypotheses 
now becoming necessary to support the phlogiston tlieoiy in the 
light of intractable facts daily increasing in number and insistence. 
Some of the.se facts we may next consider. 

Difficulties of Phlogiston.— In his Cours dc Chyniic (1O75), Lkmkry 
mentions that ' in the calcination of lead and of several other 
substances there occurs an effect, which well deserves that some 
attention should be paid to it; it is that although by the action of 
the fire the sulphureous or volatile parts of the lead are di.s.sij)atcd, 
which should make it decrease in weight, nevertheless after a long 
calcination it is found that instead of weighing less than it did, it 
weighs more.' Rey (1630) tells us that the same observation 
had been made by his friend Bkun; and indeed the fact had been 
known for centuries. Boyle, in ibbi, had ]mi forward the sug- 
gestion that, in the process of calcination, ‘ multitudes of hery 
corpuscles,' or particles of heat (then supposed to be a mateiial 
substance), pass through the pores of the glass vessel in which 
the o]XTation is carried out, and unite with metal undergoing 
calcination. 

When the phenomenon was pressed upon the attention of jihlogis- 
tian chemists, they countered the attack in three ways. In the 
first place, they replied that phlogiston had explained much, and 
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thiit therefore, though the increase in weight on calcination was at 
the moment inexplicable, tlie solution of the dithculty might safely 
be left to the future. There is nothing intrinsically re])iehensible 
in the ado7)tion of this attitude, which can usually be ])aralleled 
in the history of any thef)r3^ and is, in fact, not dissimilar from 1he 
])resent position of the theory of the nature of electrons. At w^orst, 
it is merely a conlession of w\‘akness; at best, it repres(Mits that 
suspension of judgment which is a yery desirable quality in a man 
of science faced with a coiillict of evidence. It was ceriainlv 
]')Teferable to the second line of defence, which attempb'd to meet 
a prosaic fact by the adoption of a fantastic hypothesis, viz. that 
})hiogiston had negative weight or ‘ levity.' ' Phlogiston,' said 
Venkl in his course of chenhstiy at the University of Montpellier, 
‘is not attracted towards the earth, but tends to rise; thence 
couHS the increase in wTight in the formation of metallic calces 
and the diminution in weight in their reduction.' The endowment 
of a supposititious entity with a uniquely iin])robable quality has 
little to recommend it as a method of advancing scientific kiunv- 
Ic'dge; actually the suggestion received little suiq-xirt and the 
phlogistians themselves foi the most part drew a diceiit real over 
such a scientifically obscene episode. 

A thiid explanation denied the reality of the supposed fact. 
According to the advocates of this view, the incr(‘ase in weight 
was only apjiarent and was caused by the greater density of the 
calces than of the metals; on weigliing in air, the smaller volume 
ol air displact'd by the calx maclc the ap})arent w'eight greater. 
It was conveniently forgotten that, in most easels, the calces have 
smaller densities than tlie metals from which they are formerl. 

In addition to those who advanced one or ni(>re of the above 
‘ explanations,' there were many stalwarts who admitted the fact 
but resolutely declined to allow it any importance. Such a state 
of affaiis may serve to remind us that the age of (|uantitative 
chemistry had not 3^et dawtu^d, though the morning star of Ri.agk’s 
work heralded its near approach 

Reference has already been made to a further dilhculty encoun- 
tered by the phlogiston theory, viz. the nec(\ssity of air for com- 
bustion. Boyle (1672) had showm that sulphur will not lairii in 
a vacuum, and Stahl him.self was fully aware that calcination of 
metals cannot be effected in vessels devoid of air. If c(mibustion 
and calcination are essentially a mere disengagement of phlogiston, 
there would appear to be no reason wdiy these processes should not 
take place equally w^ell in a vacuum as in air, if not indeed blotter. 
The explanation advanced wms, as we have seen, that air is necessary 
as an absorbent medium for the jdilogiston; but this explanation 
failed to make clear the reason for the fact that, after combustion. 
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the residual air occupies a smaller volume than the original air. 
No satisfactory hypolliesis to account for the last phenomenon was, 
in point of history, ever ]jromulgated. 

These and similar difficulties — such as the formation of water 
wlien a metallic calx is reduced in inflammable air, which was con- 
sidered to be plilogiston united with a little heat — might have been 
expect (*d to shake tlie faith ol Stahl's disciples. But, as Pkiestlhy 
himself remarked, ‘ we may take a maxim so strongly foi granted 
that tlic plainest evidence of sense will not entirely change, and 
often haidly modify, our persuasions; and the more ingenious n 
man is, thi^ more effect ually he is entangled in his errors, nis ingc- 
nuity onlv helping him to deceive himself by evading the force of 
tiuth.' Had l^Kii'STLEY applied this sententious ajdiorism b) 
himself, WuRTz might have had no occasion to declaim, in latei 
years, La cMmic csi unc science ftafigaise: elle Jut constitiir'e pa^ 
Lavoisier iV immortelle memoir e. 

The Overthrow of Phlogiston. — History affords us lew examples 
of the complete reorientation of a science through the efforts of a 
single individual. Such, however, was the feat triiunphantU’ 
achieved by Lavoisier (1743-94), who i)erislied in the Revolutit)n 
but surj:)assed it in significance. 

The fortunate possessor of both a brilliant intelligence and 
ample wealth, Lavoisier was ideally e(|uip]>ed for his task. Early 
attracted to the study of jiroblems of combustion, he soon con- 
firmed and extended previous observations on the burning ol 
substances in enclosed volumes of air. Tims, on burning a pi(?ce ol 
phosphorus under a bell-jar inverted in a trough of mercury, he 
made the following observations: (i) A limited volume f)f air will 
not burn an unlimited weight of phosphorus; (.£) when an excess of 
phosphorus is used the flame is extinguished after a time, before 
the complete combustion of the phosphorus; (3) to relight tlie 
residual phosphorus, or to burn a fresh piece, the addition of nioR‘ 
air IS necessary: (4) a colourless solid, ‘phosphoric acid,' is formed 
during the combustion; (5) after the comjikdion of the reaction tie? 
residual air occupies about four-fifths of the original volume; 
(6) the weight of ‘ phos])horic acid ' produced is about two and a 
half times tliat of the phosphorus taken, and (7) the n'sidual air is 
slightly lighter than ordinarv air, and will no longei suj)port com- 
biEstion or life. 

l-AVOisii'K foll()\ve<l up this line of experinu'nl b\' furllu'r re- 
searches on the calcination of tin and lead. It will he rcmeniben‘d 
that the increasi^ in weight that occurs wIkti tin and kxid are 
burnt had aln'ady bi‘en observa-d many times, and was now 
common knowledge. The only explanation that Lavoisier re- 
garded as at all satisfactory was that advanctal by Hoyle, who 
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supposed that heat — which he considered a material substance — 
had passed through the vessel from the fire to the metal, thus 
causing the increase in weight. Reflection showed, however, that 
this hypothesis was easily susceptible of experimental proof or 
disproof, as L.w'oisikk most lucidly exj>l.iins: 

‘If,’ he says, ‘the increase in weight of metals calcined in 
closed vessels is due, as Boyle thought, to the addition of the 
matter of flame and lire which penetrates the pores of the glass 
and combines with the metal, it follows that if, after having intro- 
duced a known quantity of metal into a glass vessel, and having 
sealed it hermetically, one determines its weight exactly; and that 
if one then proceeds to tlu' c.alcination in a charcoal fire, as Boyle 
did; and lastly that if one then reweighs th(' same vessel after the 
calcinatuin, before opening it, its weight ought to be ffumd to have 
increased bv the whole of the quantity of the matter of hre which 
en1('r('d during the calcination. 

‘ If, on the contrary . . . the increase m weight ol the metallic 
calx is not due to the combination of the matter of fire nor to any 
exterior matter whatever, but to the fixation of a ])ortion of the 
air contained in the sjiace of the vess(‘l, the vessel ought iu>t to 
weigh more after the calcination than before, it ought merely to 
be found partly empty rif air, and the incnsase in weight of the vessel 
should take place only at th(‘ moment when the missing portion 
of air is allowed to enter.’ 

Lavoisiek than proceeded to put his vdews to the test of experi- 
ment. He took a weighed glass flask, introduced a weighed 
([uantity of tin, sealed the flask hermetically, and then heated it 
foi an hour or two until no further calcination appeared to be 
taking place inside. He now allowed the flask to cool, after which 
he weighed it. There was no change in weight. Upon opening 
the flask, air was heard to rush in, and when the apparatus was 
weighed once more, an increase in weight was found. Tlie actual 
figures obtained in the expeiiment are as follows: 

Onces Gros Gratis 

Weight of flask , . . . 12 0 51*75 

Weight of flask plus tin .... 20 6 51*75 

Weight of tin .....80 o-oo 

After calcination hut before opening: 

Weight of whole apparatus, unchanged. 

After calcination and opening * 

Onces Gros Grains 

Weight of whole apparatus . 20 6 t)i-8i 

.’. Increase in weight on calcination . .00 io-o6 
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Lavoisikk next removed the tin calx and residual tin from the 
flask and weighed tlieni separately: 

Onces Gras Grains 

Tin calx 27 275 

Tin ........ 5 I 7-25 

Total weight all (if calcination . . .80 lo-oo 

Blit total weight before calcination . .(So o-oo 

Increase in wciglit on calcination . .00 lo-oo 

These results showed clearly that the increase in weight was 
due, not to the absorption of a hypothetical ' matter o^ lire ' as 
B0YIJ-: had supposed, but to an absorjition of air, the increas'' in 
weight of the metal being almost exactly ecpial to the weight ol 
air which rushed in when the flask was opened. 

h^iirthcr experiments on the same lines led him to conclude* 

‘ First, that one cannot calcine an unlimiSed quantity of tin in 
a given (juantity of air. 

‘ Second, that the quantity of metal cak ined is greater in a large 
vessel than in a small one, although it cannot yet be afliimed that 
tlie quantity of metal calcined is exactly proportional to the cajiacity 
of the vessels. 

‘ Third, that the heimetically sealed vessels, weighed before and 
after the calcination of the portion of tin they contain, show no 
difference in weight, which clearly prove's that the increase in 
weight of the metal comes neither from the material of the fire nor 
from any matter exterior to the vessel. 

' F'ourth, that in every calcination of tin, the increase in weight of 
the metal is, fairly exactly, equal to the weight ol the quantity of 
air absorbed, which proves that the portion of the air which com- 
bines with the metal during the calcination, has a specific gravity 
nearly ecjual to that of atmosjiheric air. 

‘ I may add that, from certain considerations drawn from actual 
experiments made upon the calcination of metals in closed vessels, 
considerations which it would be difiicult for me to explain to tin* 
reader without going into too great detail, I am led to believe that 
the portion of the air which combines with the metals is slightly 
heavier than atmospheric air, and that that which remains after 
the calcination is, on the contrary, rather lighter. Atmospheric 
air, on this assumption, would form, relatively to the s])ecilic 
gravity, a mean result between these two airs.’ 

His experimental figures enabled him to deduce that the air 
must consist of at least two gases, only one of which is concerned 
in calcination. Bv a measurement of the capacity of the flask, he 
was able to calculate the weight of air it originally contained. 
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I'his was considerably greater than the weight of air that entereMl 
when the flask was opened, the deduction therefore being that only 
a part of the air had been used. Now, since there was an excess 
of tin, the cessation of calcination before the whole of the air had 
been consumed could be explained only on the assurn])tion that the 
air consists of a mixture of gases, of which one can effect calcination 
while the others cannot. 

It was at this juncture that I.avuisif.k met Pkiksixky while the 
latter was on a visit to Pans (October 1774) and heard about the 
surprising e\]X‘Tinient on red calx of mercury. How much informa- 
tion Priestley imparled to LavoisiI'-K is a matter of uncertainty', 
but it could not have been a great deal, for he had had but little 
time to investigate the properties of dephlogisticated air since 
discoveiing it in the previous August. Hov'ever, a mere hint w'as 
sufficient lor l.AVoisiitR, who, during the winter of 1774-5, repeated 
and extended Priestley’s experiments. His lirst care was to 
confirm lh(‘ generally accepted belief that red calx (d mercurv 
really is a calx, comparable in character to the calces of other metals. 
To do tins, he heated an ounce of the substance with powdered 
charcoal in a small ndort, and showed that mercury and fixed air 
(COjj) were produced. Since this reaction— formation ol metal and 
fixed air — is characteristic of calces when heatc'd with charcoal, he 
felt justified in assuming that the red ])owder in (juestion was defi- 
nitely calx ol mercury. He next heated some of the calx by itsi‘li, 
and observed that one ounce of it yielded seven gros and eighteen 
grains of lajuid meicury and seventy-eight cubic inches of Priest- 
ley’s dephlogisticated air. Investigation of the gas showed it to 
have the following ])ro[)erti(‘s* 

(1) It was insoluide in water, unlike fixed air. 

(ii) It would not turn lime-water milky, as fixed air does. 

(iii) It would not combine' with alkalis, as fixed air does. 

(iv) It was able to bring about the calcination of metals. 

(v) It supjxirted life and combustion very well 

These properties conclusively demonstrated tliat the gas was not 
lixcd air, but that it wxis a gas ‘ jnirer ' than atniospiheric an. 
'Hence it would appear to be proved,’ he continues, ‘that the 
princi[)le wdiich combines with metals during their calcination, and 
which increases their weight, is no other than the purest portion 
of the very air that surrounds us, that we breathe, and that passes 
during this operation [calcination] from the elastic stab; to the solid 
state. Hence the production of fixed air in all cases of metallic 
reductions with charcoal is due to the combination of the cliarcoal 
with the pure portion of the air; and it is very probable that all 
metallic calces would, like that of mercury, yield nothing but 
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" eminently respirable air if one could reduce them all without 
addition [of any reducing agent], as one reduces red precipitate of 
mercury per se |HgO; calx of mercury]. . . . 

‘ Since in the revivification of the mercury calx all the charcoal 
disappeais and only mercury and fixed air are obtained, it is 
necessary to conclude that the principle hitherto called fixed air is 
the result of the combination of the eminently respirable portion 
of the air with the charcoal.' 

Briefly expressed, Lavoisier's conclusions from the experiments 
just mentioned were' 

(i) Mercury ‘ calx ' is a compound of mercury and ' eminently 
respirable air.’ 

(ii) On heating, the calx decomposes into its constituent^:. 

(hi) Fixed air is a compound of carbon and ' eminently respirable 
air.' 

(iv) Mercury calx + carbon = mercury + fixed air- 


These conclusions are, of course, those that we now accept; but 
Lavoisier was not yet content. His main objective at the moment , 
to which the previous experiments were but a preliminary, was the 
composition of the atmosphere. It was in pursuit of this aim that 
he carried out the classical investigation described in his Ele 77 ieniary 
Treatise on Chemistry: an investigation of more consecjuence than 
any other single experiment in the history of chemistry. ' Lavoi- 
sier's Experiment,' to give it the name that marks it as his chef 
d* oeuvre, was as follows — the words are those of Lavoisier himself: 



Fig 1. Lavoisier's Experiment 


‘ I took a matrass (A, 
Fig. i) of about 36 cubi- 
cal inches capacity, 
having a long neck 
BCDE, of six or seven 
lines internal diameter, 
and having bent the 
neck as in the figure, 
to allow of its being 
placed in the furnace 
MMNN, in such a 
manner that the ex- 
tremity of its neck 
might be inserted u^^der 
a bell-glass FG, placed 
in a trough of quick- 


silver RRSS; I introduced four ounces of pure mercury into 


the matrass, and, by means of a syphon, exhausted the air 
in the receiver FG, so as to raise the quicksilver to LL, and I 
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carefully marked the height at which it stood, by pasting on a 
slip of paper. Having accurately noted the height of the ther- 
mometer and barometer, I lighted a fire in the furnace MMNN, 
which I kept up almost continually during twelve days, so as to 
keep the quicksilver always very near its boiling-point. Nothing 
remarkable took place during the first day: the mercury, though 
not boiling, was continually evaporating, and covered the interior 
surface of the vessel with small drops, at first very minute, which 
gradually augmenting to a suflicient size, fell back into the mass at 
the bottom of the vessel. On the second day, small red particles 
began to appear on the surface of the mercury; these, during the 
four or five following days, gradually increased in size and number, 
after which they ceased to increase in cither respect. At the end 
of twelve days, seeing that the calcination of the mercury did not 
at all increase. I extinguished the fire, and allowed the vessels to 
cool. The bulk of air in the body and neck of the matrass, and in 
the bell-glass, reduced to a medium of 28 inches of the barometer 
and 5.f 5° of the thermometer, at the commencement of the experi- 
ment w^as about 50 cubical inches. At the end of the experiment 
the remaining air, reduced to the same medium pressure and 
temperature, was only between 42 and 43 cubical inches; conse- 
quently it had lost about one-sixth of its bulk. Afterwards, having 
collected all the red particles, formed during the experiment, from 
the running mercury in which they floated, 1 found tliese to amount 
to .^5 grains. 

‘ i was obliged to repeat this experiment several times, as it is 
difficult in one experiment both to preserve the whole air upon 
which we ojierate, and to collect the whole of the red particles, or 
calx of mercury, which is formed during the calcination. It will 
often happen in the secpiel, that I shall, in this manner, give in one 
detail the results of tw^o or three experiments of the same nature. 

‘ The air which remained after the calcination of the mercury in 
this experiment, and which was reduced to five-sixths of its former 
bulk, was no longer fit cither for respiration or for combustion; 
animals being introduced into it were suffocated in a few seconds, 
and when a taper was plunged into it, it was extinguished as if 
it had been immersed in water. 

‘ In the next place I took 45 grains of red matter formed during 
this experiment, which I put into a small glass retort, having a 
proper apparatus for receiving such licjuid, or gaseous product, 
as might be extracted. Having apjdied a fire to the retort in the 
furnace, I observed that, in proportion as the red matter became 
heated, the intensity of its colour augmented. When the retort 
was almost red-hot, the red matter began gradually to decrease 
in bulk, and in a few minutes after it disajipeared altogether; at 
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the same time 41^ grains of running mercury were collected in 
the recipient, and 7 or 8 cubical inches of elastic fluid, greatly 
more capal^le of supporting both respiration and combustion than 
atmospherical air, were collected in the bell-glass. 

' A part of this air being jmt into a glass tube of about an inch 
diameter, showed the following properties: A taper burned in it 
with a dazzling splendour, and charcoal, instead of consuming 
quietly as it does in common air, burnt with a flame, attended 
with a decrepitating noise, like phosphorus, and threw out such a 
brilliant light that the eyes could hardly endure it. This species 
of air was discovered almost at the same time by Dr. Priestley, 
Mr. Schecle, and myself. Dr. Priestley gave it the name of dc- 
phlogisticated air, Mr. Scheele called it empyreal air ; at first I named 
it highly respirable air, to which has since been substituted the term 
of vital air. We shall presently see what we ought to tlhnk oi these 
denominations. 

‘ In reflecting upon the circumstances of this experiment, we 
readily perceive, that the mercury, during its calcination, absorbs 
the salubrious and respirable part of the air, or, to speak more 
strictly, the base of this respirable part; that the remaining air is 
a species of mephitis, incapable of supporting combustion or 
respiration; and consequently that atmospheric air is composed of 
two elastic fluids of different and o})i)osite qualities. As a proof of 
this important truth, if we recombine these two elastic fluids, 
which we have separately obtained in the above experiment, viz. 
the 42 cubical inches of mephitis, with the 8 cubical inches of 
respirable air, we reproduce an air jirecisely similar to that of the 
atmosphere, and possessing nearly the same power of suj)])orting 
combustion and respiration, and of contributing to the calcination 
of metals.' 

Lavoisier W'as fully alive to the revolutionary character of the 
conclu.sions at which he had arrived. Writing in 1778, he prefaces 
a first cautious attack on phlogiston by some unexcc'ptionable 
remarks on the nature of scientific hypotheses and theories in 
general. Theoretical systems in physical science, he urged, are 
nothing more than instruments with which to succour the w^cakness 
of our senses; properly speaking, they are methods of approximation 
that put us on the road to the solution of the probhuri. They are 
hypotheses that, if successively modified, conected and changed 
in accordance with the demands of experimental fact, will ludail- 
ingly lead us to a knowledge of the true lawes of nature. 

After this (unsuccessful) attempt to disarm opT)osition, he sets 
out his new theory of combustion, according to wliich: 

(i) The active agent in combustion is Pktks'i ley's dephlogisti- 
cated air. 
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(ii) This ' air/ better named ' enunently respirable air/ is con- 
tained in the atmosfiherc to the extent of approximately 
one-sixth part by volume, .md is the only part of the 
atmosphere ca])able of sup]>orting combustion. 

(iii) When a substance burns, it absorbs eminently respirable 
air, and the increase in weight is exactly ecjnal to the weight 
of this air taken up. 

(iv) On calcination, 

metal j eminently respirable air - metallic calx, 
(element) (c ompound) 

not, as the phlogiston theory has it, 

metal — jihlogiston metallic calx. 

(('om pound) (element) 

Lwotsier’s theory at first gained little headway, but in lySj 
lit; made a second onslaught m his Rcjlcciions on Phlopston. In 
the meantime he had shovvai that the combination of moist eminently 
lesjnrable air with sulphur yiehlcnl sul])hunc acid, with phos]dK)rus 
ph()s])h(mic acid, and witli carbon caibonic acid. Regarding the' 
gas as the essential principle' of acids, he accordingly changc'd its 
name to oxygen. 

In the celebrated Rcflcciums he threw caution to the winds, 
maintaining that his principc oxygenc explained ‘ the chief difti- 
cultit's of chennistry ' with an astonishing simplicity — a claim that 
we must admit to have been perfectly true. ' But if in chemistry 
everything can be satisfactorily explained without the help of 
plilogistcm, by (hat fact alone it is excc'edmgly probable that such 
a principle does not exist, that it is a hypothetical entity, a 
gratuitous supposition; now, one of the principles of sound logic 
IS not to multiply entitic's unnecessarily. Perhajis I might have 
confined myself to these negative proofs, and stayed content with 
having proved that the phenomena can be better explained without 
phlogiston than with it; but it is time for me to expn'ss myself in 
a more precise and fr)rnial manner concerning an opinion that I 
regard as an error fat.d to chemistry, an error that st'ems to nu' 
to have considerably retarded progress by the unsound methotl 
of reasoning it has introduced. ... It is time to recall chemistry 
to a more rigorous method of reasoning; to strip the facts with which 
this science is enriched every day from that which reasoning and 
prejudices add thereto; to distinguish fact and observation from 
that which is systematic and hypothetical; finally, to mark the 
limit, so to speak, to which chemical knowledge has arrived, in 
order that those who follow us may set out with confidence from 
this point to advance the science. . . . Chemists have made of 
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',)hlog‘iston a vague principle which is not rigorously defined, and 
which consequently adapts itself to all cx])ianati(;ns into which 
it may be brought. Sometimes this princijile is heavy, and some- 
times it is not ; sometimes it is free fire, .sometimes it is fire combined 
witli the earthy clement; sometimes it passes through the pores of 
vessels, and sometimes they are impenetrable for it. It explains 
at once causticity and non-causticity, transparency and opacity, 
colours and the absence of colours. It is a veritable Proteus 
wEich changes its form at every instant.' 

After the jiublication of this article, Lavoisii-:i< rayiidly won 
over to his side the majority of liis fellow-chemists, though he 
suffered much oj)])osition from Pkiestley and certain others 
among the older men. His victory was hard- won, and the lead i 
should not imagine that there was anything in the nature of ('iithn 
siasm to abandon phlogiston for oxygen. Indeed, if space aklowcd, 
we should find it extremely instructive to follow the hirtunes of 
the battle from stage to stage; but since this is not possible, we must 
content ourselves by pointing out that, though the phlogiston 
theory was overthrown, the facts that the phlogistian chemists 
had ascertained and systematized remained a permanent ac(]uisition 
to the stock of human knowdedge. It is sometimes argued. e\'en 
by cultured minds, that no reliance is to be placed iiy>on the voice 
of science, since her thc^ories arc continually changing. Such an 
attitude is entirely unjustifiable, {a) since the accumulation o1 
experimentally confirmed facts progiesses steadily in spite of th(' 
fate of tlu'ories; [b) since whenever a new theory replaces an old 
one, a wider swetq) of facts is brought into the n'gion of ordered 
arrangement; and (r) since the fate of the old theory is more often 
than not merely an absorption into the more comprehensive system 
that succeeds it, as a rough ajqnoximation is implicit in a closi^r one 

With the e.stablishment of the oxygen theory of combusticai. 
chemistry was already beginning to present a more familiar asi)ect, 
and we may therefore now piroceed to discniss the second great 
pillar of the ninctcenlh-century form of the science, viz. the atomic 
theory of Dal'ION. Those who wish to follow the imj)orlant work 
that was carried out, in the closing yeais of the eighteenth ccntiiiy 
and the opening years of the nineteenth, upon ijuahl alive and 
quantitative analysis, and upon de.scriptive inorganic chemistry in 
general, are referred to the standard histories of chemistry nu ntioned 
at the end of this Ilistoiical Inti oduct ion. 

The Atomic Theory. — The develo])ment of the atomic theory, 
like tliat of the phlogiston theory, should be closely followaul by 
the student of chemistry, .since it cle.iily demonstrates the t(‘m])oTai v 
and provisional character of scientific theories and hypotheses aiul 
makes the pragmatic nature (;1 scientific truth sufhciently j)lain 
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even to those innocent of formal philosophy. Much has been 
written on the method of science that has no particular value for 
scientists themselves; what it is essential for scientists to realize 
IS that no theory is sacrosanct and no authority infallible. Though 
deduction from facts to a law, followed by induction from the law 
to further facts ])reviously undiscovered, is the common course of 
scientific progress, such a method is not confined to science, and 
when scientists follow it they frequently do so unconsciously. 
The condition of scientific advance is not adherence to formal 
philosophic method but the spirit of free inquiry supj)orted by 
experimental confirmation. Atoms, ions, and electrons are but 
scientific fictions — convenient names for packets of associated 
phenomena — and the more quickly the young chemist learns to 
respect them as tools, not to worship them as eternal verities, the 
more quickly will he fit himself for productive original investigation. 

It is obvious that, if matter is not continuous, it must be discrete. 
Yet in classical Greece, where the Western form of the atomic 
theory originated, the problem did not present itself as (juite .such 
a simple choice between opposites. There were felt to be serious 
objections to the hypothesis of the unbroken continuity of mattei, 
but the human mind had not 3^et accustomed itself to the notion 
of a void, a completely empty space. Consequently, when the 
theory arose' that matter is composed of discrete atoms, that it has 
in fact a ‘ grained ' structure, the conception was so foreign that 
at first it won little acceqitance. Atoms were conceivable, but what 
was between them? To reply 'Empty space' appeared sus- 
y)iciously like shirking the issue. However, the labours of Lku- 
cirpus and DjiMOCkitus (fifth century b.c.) and Epicurus (about 
300 B.c.) at length succeeded in making the idea of a void familiar, 
and the atomic thciory that they developed then received respectful 
attention. Our knowledge ol the theory is derived mainly from 
the poem of Lucrktius (first century B.c.), in which the earlier 
views are logically marshalled and brilliantly expounded, 'fhe 
chief points of permanent value, in the light of subsequent develop- 
ments, are as follows: 

(i) There is only one ultimate species of matter. 

(n) Matter is indestructible and cannot be created. 

(iii) Matter is not continuous, but discrete, i.c. it has a 
‘ grained ' structure. 

(iv) Matti'r is com[)Oscd of ‘ atoms ' which arc invisil)le, 
ph\sic<illy indivisibU', indestructible, eternal and im 
penetrable. 

(v) Between atoms there is .simply a void — empty space. 

(vi) 'file atoms of different substances are different m shape, 
size and weight. 



.|0 THEORETICAL AND INORGANIC CHEMISTRY 

(vii) Atoms are in constant motion — rectilinear according to 
IJKMoc'Krius — colliding with, and rebounding from, one 
another ‘ like motes in a sunbeam.’ 

(viii) Substances differ in ])ropertics according to the nature, 
number and arrangement of the atoms of winch they are 
composted. 

When it is pul thus baldly, we may be tcanj^ted to read into the 
classical tlieory a good deal that it does not actually contain. Yet 
this lemjitation must be n\sisted. ' It must always bt' reirembered 
that ancient speculation is a very different rnattei troni m(»deni 
res(^arcli: at its best it rested in tlie mam upon n prion reasoning, 
and though observatiini and even exiienincnt may have gi\’ an 
some knowledge of detail, they had little ])lace in the d<weli)|)ment 
of the larger fundamental theories. And not only do inethcxLs 
differ, but the fundamental conceptions of the atom in llu* ancient 
theory and modem chemistr\' are wideh' divergimt. The (ire^iTs 
conceived a perfectly hard unalterable body, inca]xible of enttring 
into any combination except b}^ juxtapo.sition or at most < ntangle- 
rnent: modern chemistry conceives an elastic (hangraldc body, 
which in the fusion of chemical combination mergi\s its mateiial 
identity in a new substance.'^ In s])ite of this radical dilUaenci^ 
between the ancient and the modern forms of the atomic theory, 
the Greeks must ncvcrthcde.ss be given the credit for having fami- 
liarized men with the abstruse coiiceplions of atoms that had j)arts 
and were yet indivisible and of a void that was literally \’oid. Ihjw 
strange these conceptions appeared to be wlien first suggested wo 
may perhaps apiin'ciate by the fact that Aristotle (7,84-322 b.c .) 
— tlie greatest scientific mind of aiititjuity — himself legarded the 
first as anomalous and the second as incredible. .Ml the weight of 
his authority was consec[uently thrown against the atomic tlieory, 
and when Galen, the celebrated jihvsician of the second centurv 
A. I)., added his veto to that of Aristc^tle, atoms suffered an eclipse 
that was to last for .some fourteen hundred years, d'he eclipse 
was, however, not ab.solutelv total, S])oradically, among the 
Moslem scientists and among the scholars of medieval Christendom, 
the atomic conc.ejition of matter received momentary attention; 
and though the idea was re.suscitated only to be immediately 
disavowecl, the continuity of its exi.stence remained unbrokiui until 
the revival of atomism in the seventeenth century . 

One of the principal protagonists of atoms at this ])eiiod was 
Gassendi (i5()2-i 655), who combined a violent antipathy to 
Aristotle with a warm admiration for E^picurus. He urged the 
atomic tlieory of the latter with considerable persuasive skill, and 
^ C. Bailey, The Greek Atomtsts and Epicuius (1028), pp 4-5 
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as he was fortunate enough to find a foeman worthy of his steel in 
Descartes (1596-1650), the passages-at-arms between them brouglit 
atoms once more into the forefront of the public gaze. Descartes 
was not an anti-atomist, but, like Aristotle, he could not admit 
the possibility of truly vacuous space. Neither would he allow 
that atoms were indivisible, regarding them rather as liable to be 
worn away into a still more tenuous matter by mutual friction. 
‘ If we assume,' he says, ‘ that all the matter of which the world 
is made up, had at the beginning been divided into many equal 
parts, then these could not at first have been all round, because 
spheres joined cannot constitute an entirely solid and continuous 
body such as this universe, in wdiich . . . void cannot exist. But 
whatever the original shai>e of these parts may have been, they 
must in time have become round because they are endowed with 
rotatory motions of different kinds, and so by and by as they col- 
lided their corners were ground away.' But inasmuch as empty 
space can exist nowhere in the universe, it follows that the spaces 
between the particles must be filled with a subtle, extremely finely 
divided matter, derived from the particles themselves by friction. 
Finally, Descartes postulated a third sort of matter, consisting 
of parts more coarse than either the interstitial matter or the 
spherical particles. 

In the Cartesian interstitial matter or materia coelestis w^e may 
see a forerunner of the ' ether ' — that ‘ subject of the verb to 
undulate ' with which nineteenth-century science, unable like 
.\ristotle to conceive of an absolute void, filled the whole of 
space. In its main structure, however, the system of Descartes 
was of no immediate scientific value: it is, as usual, to the men of 
science that W'e must have recourse for theories that lead to definite 
results. The immediate service that Descartes and Gassendi 
rendered to science was that they brought the atomic hypiothcsis 
of the structure of matter into such j)rominence that no chemist 
could remain in ignorance of it. We find evideni^e of this fact in 
the writings of Boyle, who refers to the hypothesis that ‘ the 
World is made up of an innumerable multitude of singh^ insensible 
Corpuscles, endow’d with their own Sizes, Shapes, and Motions,' 
in terms which imply that it was perfectly familiar to his con- 
ternpoiaries. It gained further consideration from men of science 
when New^ton (t()42-i727) declared his allegiance. 

In his Optichs, Tstdwton says: ‘ It seems probable to me that 
God in the beginning formed matter in solid, massy, hard, im- 
penetrable, moveable particles, of such sizes and figures, as most 
conduced to the end for which He formed them; and that these 
jirimitivc particles, being solids, are inccjinparably harder than any 
porous bodies compounded of them; even so very hard as never 
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to wear or break in pieces, no oulinary power being able to divide 
what (jod Himself made one in the first creation, . . . God is able 
to create particles of matter of several sizes and figures, and in 
several proportions to the space they occupy, and perhaps of 
different densities and forces. . . . Now, by the help of these 
[)rinciples, all material things seem to have been comjiosed of the 
hard and scjlid jiarticles aliove mentioned — variously associated 
in the first creation, by the counsel of an intelligent agent.* 

'I'his passage is very reminiscent of Lucretius, l)ut Newton 
was a scientist and applied his hypothesis to experimental fact. 
Boyle had recently (liscovered his ‘ l.aw,* and Newton offered 
a theoretical explanation of the phenomenon in ‘ the first quanti- 
tative conclusion ever formed about atoms.* He proved in trie 
Principia that ' if the density of a fluid gas which is mad i up of 
mutually repulsive particles is proportional to the pressure, the 
forces between the particles are recij)rocally proportional to the 
distances between their centres. And vice versa, mutually repul- 
sive particles, the forces between which are reciprocally proportional 
to the distances between their centres, will make up an elastic 
fluid, the density of which is proportional to the pressure.' Ni-avton 
goes on: 'Whether elastic fluids do really consist of particles so 
repelling one another, is a physical question. We have here 
demonstrated mathematically the properties of fluids cou'-isting 
of this kind, that hence philosophers may take occasion to discuss 
that question.* 

What strikes us immediately is the great difference in attitude 
towards the atomic theory, between the scientists as exemplified 
by Newton and the general body of atomic philosophers. It 
is perfectly true to say that the atomic theory can be traced, in 
unbroken historical continuity, from Leucippus to Newton, but 
Newton’s position is this: ‘ Let us suppose that there are atoms 
and see what may be deduced therefrom in accordance with ex- 
perimental fact,* and therein lies the vital difference between a 
scientific theory and a philosophic speculation. 

Newton’s sugge.stion that a gas may be composed of jiarticles 
which repel one another in a perfectly definite way was the imme- 
diate cau.se of the formulation of the chemical atomic theory a 
century later. 

The Atomic Theory of Dalton. — ^Though the atomic tlicory, in 
its philosophical form, had been in existence for over two thousand 
years before the birth of John Dalton (1760 -1844), he it was who 
first moulded it into such a form that it became susceptible of 
experimental verification. For this reason Dalton is rightly re- 
garded as the founder of the modern atomic theorv. It is true 
that William Higgins [d. 1825) published ideas of a somewliat 
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similar nature to those of Dalton about fourteen years earlier 
than the latter, but their importance was not realized at the time 
(1789) — owing to the controversy over phlogiston — and the lack 
of interest shcjwn in his work discouraged Higgins from continuing 
it. The same fate, it will be remembered, befell Newlands in 
connection with his Law of Octaves) yet though Higgins must be 
credited with ])riority over Dalton in certain essential points, 
there is no doubt that Dalton elaborated his theory quite inde- 
pendently. As to the .subsequent developments, which formed the 
greater part of Dalton’s theory, there is no reason to suppose that 
Higgins loresaw them oi that he would have had the genius to carry 
them to the fulfilineiit they reached at the hands of Dalton. 

The sequence of events that led Dalion to the formulation of 
his theory is not quite clear, and since he himself gave contradictory 
accounts on diffeient occasions it is very unlikely that the truth 
of the mailer will ever be kno^vn. The reader who is interested in 
the subject is referred to the histories of chemistry; from the present 
point of view the actuiil sequence is of little importance in com- 
parison with the main features of the theory in its final form. 
Through a fondness for meteorology, Dalton was led to a study of 
the properties and composition of the atmosphere, and thence to 
an investigation of ‘ elastic fluids ’ or gases in general. Steeped 
in the works of Newton, he habitually thought in terms of atoms, 
and the atomic theory seems to have first taken shape in his mind 
as a physical theory to explain the properties of gases. ‘ Having 
long been accustomed to make meteorological observations,’ he 
said, ‘ and to si)eculate upon the nature and constitution of the 
atmosj)here, it often struck me how a compound atmosj)here, or 
a mixture of two or moie elastic fluids, should constitute apparently 
a homogeneous mass, or one in all mechanical relations agreeing 
with a simple atmosphere. Newton has demonstrated clearly 
in the 23rd Prop, of Book II of the Pnneipia that an elastic fluid 
is constituted of small particles or atoms of matter which repel 
each other by a force ircreasing in proportion as their distance 
diminishes.’ 

Applying Newtonian principles to the problem of mixed gases, 
he was able to account for a phenomenon he had observed in 
1801, viz. that the pressure in a mixture of gases is the sum of 
the partial ])ressurcs, or that in such a mixture each gas exerts 
the same pressure as it would if it were separately enclosed in the 
volume occupied by the whole mixture. This he explained by 
assuming that when two gases, ‘ denoted by A and B, are mixed 
together, there is no mutual repulsion amongst their particles, 
tliat is, the particles of A do not repel those of B, as they do one 
another.’ Altliough this explanation is no longej held, it show^ 
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that Dalton was already employing an atomic hypothesis, and 
that he was profoundly influenced by the ideas of Newton. Two 
years later, Dalton was able to publish a further generalization, 
which stated that if a mixtuie of gases is exposed to a liquid, each 
gas dissolves in the liquid according to its partial pressure. 

From the mental ])i('ture he had formed of the atomic constitution 
of gases, Dalton was led to ponder the possibility of an exyierirnental 
determination of the relative weights of atoms of different kinds. 
It was here that his genius at onre made itself apparent. Having 
discovered that carbon dioxide contained twice as much oxygen, 
for a given fjuantity of carbon, as carbonic oxide [carbon monoxide], 
he made the bold assumption that the ‘ compound aiom ' of 
carbonic oxide consisted of one atom of carbon and one of oxygt n, 
and that the ' compound atom * of carbon dioxide consisted of 
one atom of carbon and two of oxygen. If this assumplicn were 
correct, then the ratio by weight of oxygen to carbon in carbonic 
oxide must be the same as the relative weights of the atoms of 
these two elements. Similar groups of comjiounds for which 
Dalton obtained analytical data were oleriant gas [Coll^] and 
methane [CHJ; and nitrous gas [NO], nitrous oxide [NgO], and 
‘ nitric acid ' [NO.J. He found that the same kind of relation 
held, viz. that when two or more elements combiru' 1*^ form nioie 
than one compound, then the different weights of one element that 
combine with a fixed weight of the other are in a sinqile ratio to 
one another; he had, in fact, disco\eied the Llw^ of Multi fic Pro- 
borlions, though he never gave the law formal exjnession. In 
the light of this important result, he was able to make conjc'ctures 
as to the structures of the ‘ compound atoms ' of the substances 
in question, and thus to arrive at provisional atomic' weights fur 
the elements contained in them. His note-book contains the 
following list, under the date bth September, 

Hydrogen . i 

Oxygen . . 5-66 

Azote (nitrogen) 4 
Carbon . . q-5 

Sulphur . .17 

together with the w'cights of ci'rtain ‘ compound atoms 


Water 

6*()6 

‘ Nitric acid ’ [NO,] 


Ammonia . 

5 

Sulphurous acid rSO.>! 


Nitrous gas [NO] 

0-66 

Sulphuric acid [SO.J 

28-32 

Nitrous oxide 

1 p(>b 

C arbonic acid [CO/i 

15-8 


Oxide of carbon [( X 1 : 

10-2 


Dalton gave a further exposition of his tlieory in Chapter 111 , ‘ On 
Chemical Synthesis,' of Part 1 of his epoch-making WTirk, A f\ew 
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System of Chemical Philosophy (1808). The chief points are as 
follows : 

1. All matter is composed of a great number of extremely small 
paiiicles or atoms. To attemjT to conceive the number of particles 
IS like attempting to conceive the number of stars in the universe; 
we are confounded by the thought. But if we hniit the subject, 
by taking a given volume of a gas, we seem persuaded that, let the 
divisions be ever so minute, the number of particles must be limte; 
just as III a given spare* of the universe, tlie number of stars and 
j)laiiets cannot be intinite. 

2. Chemical analysis imd synthesis go no farther than to the 
separation of ])articles one from another, and to their reunion. 
In other words, atoms are indestructible and cannot be cn'at(‘d, 
whence may be deduced the Law of the Conservation oj Matter, viz. 
matter can neither be created nor destroyed. ‘ No new creation 
or destruction of matter is within the reach of chemical agency. 
We might as well attempt to introduce a new planet into the solar 
system, or to annihilate one already in existence, as to create or 
destroy a paitn'k* of hydrogen. All the changes we can jiroduce 
consist 111 st*paiating jiarticles that are in a state of cohesion or 
combination, and joining those that were previously at a distance.' 

3. Each element has its own distinctive kind of atom, and 
similarly each compound has its own distinctive kind of ‘ comi)ound 
atom ’ (;r ultimate mechanical particle, d hus, any one atom of 
iron exactly resembles any other atom of iion, but is different from 
the atoms of all other elements; and all ‘ compound atoms ' of 
watei exactly n'semble one another but diffiT from the ' compound 
atoms ' of all other comjioimds. 

4. It is im])ortarit, and possible, to ascertain the relative weights 
of different atoms. ‘ In all chemical investigations, it has justly 
been considered an important object to ascertain the relative* 
weights of the simples [elements] which constitute a compound. 
But unfortunately the inquiry has terminated here; whereas, from 
the relative weights, the relative weights of the ultimate particles 
or atoms of the bodies might have been inferred, from which their 
nuinlxT and weight in various other com]:)ounds would appear, in 
order to a.ssist and to guide future investigations, and to correct 
their results. Now it is one great object oi this woik, to show the 
importance and advantage ol ascertaining the relative weights of 
the ultimate particles, both of simple and compound bodies, the 
number of simple elerni'ntary ]>articles which constitute one com- 
pound particle, and the number of less compound particles which 
enter into the formation fd one more compound jiarticle.' 

5. When elements combine to foim comxiounds, the ultimate 
particles of the compounds consist of small wdiole numbers of the 
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atoms of the elements concerned. Thus if there arc two elements, 
A and B, which are disposed to combine, tlie following is the order 
in which the combinations may take jdace, bcginniiig with the 
most simple: 

1 atom of A + i atom of B^i ultimate particle of C, a binary 
compound. 

1 atom of A + 2 atoms of B — i ultimate particle of I), a ternary 
compound. 

2 atoms of A+i atom of ]^>=i ultimate particU* of E, a ternarv 
compound. 

I atom of A +3 atoms of B=i ultimate particle of F, a quater- 
nary comj)ound, 

3 atoms of A-j-i atom of B=i ultimate particle of (i, a quaLcr- 
nary com])ound. 

At this stage Dalton had no means of determining the actual 
numbers of atoms in the ultimate particles (d comjM)uuds, so that 
he had to fall back on assumi)tions. The mam assiimf)tions that 
he made wctt* these: 

‘ 1st. When only one combination [com])ound] of two ('Icmentary 
bodies can be obtained, it must be presumed to be a hiuarv oiu*, 
unl(?ss some cause appear to the contrary. 

‘ 2nd. When two combinations are observed, tlu‘y miNt be 
presumed to be a binary and a ternary. 

‘ 3rd. When three combinations are obtained, we may ccxpect 
one to be a binary, and the other two ternary. 

‘ 4th. When four combinations are observed, we should expect 
one binary, two ternary, and one quaternary, etc. 


‘ 7th. The above rules and observations apply, when two com- 
pound bodies, such as C and D, I) and E, etc., are combined.' 

These assumptions were clearly justifiable, since they led to 
deductions that could easily be tested by direct ex]H‘innent. Should 
the experimental results have been unfavourable, it would of course 
have been necessary to modify the assuinjitions made. 

Dalton’s method of applying his principles inav best be under- 
stood by a consideration ol some tyincal examples: 

Water . — At that time water was the only compound of hydrogen 
and oxygen known. Hence, he says, we conclude that water is 
a binary compound of hydrogen and oxygen |i.e. the ultimate par- 
ticle of water is composed of one atom of hydrogen and one of 
oxygen], and the relativ^e weights of the two elementary atoms are 
as I : 7, nearly ’ [i • 7 since his analytical data gave this ratio as 
the ratio by weight of hydrogen to oxygen in water]. 
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Ammonia . — Ammonia wab the sole compound of hydrogen and 
nitrogen known to Dalton, who thus regarded it, on his system, 
as a binary compound of the two elements; and since his analysis 
of the gas gave the ratio by weight of i hydrogen to ap^proximatcly 
5 nitrogen, he concluded that the atomic weight of nitrogen was 5. 

Oxides of Nitrogen . — According to Dalton, the composition of 
the ultimate ji.irticles of the oxides of nitrogen was: 

Nitrous gas I NO |. Binary. One atom of nitrogen and 

one atom of oxygen. 

‘ Nitric acid ' [NO2]. Ternary. One atom of nitrogen and 

two atoms of oxygen. 

Nitrous oxide [NgO]. Ternary. Two atoms of nitrogen and 

one atom of oxygen. 

‘ Nitrous acid ' [N2O3I. A compound of ' nitric acid ' and 

nitious gas. 

‘ Oxymtric acid ' fN.^Oj], A compound of ‘ nitric acid ' and 

oxygen 

Oxides of Carbon , — These have already been mentioned (p. 4.4). 
Dalton considered carbonic oxide fCO] to be binary and carbonic 
acid [CO2J ternary. By quantitative analysis it was thus easy to 
arrive at the relative weights of the oxygen and carbon atoms. 

Working in this way, Dalton was able to extend his list of 
relative weights of the ultimate particles of elements, and it is 
important to note that he made what was then the by no means 
sell -evident assumption that the weight ol a ‘ compound atom ' 
is equal to the sum of the weights of the elementary atoms composing 
it. The idea that heat w'as a material substance (' caloric ') was 
still held, and Dalton's tacit neglect of the heat evolved or absorbed 
in chemical reactions, as fai as any possible change in weight w'as 
concerned, is a notewoithy leature of his method. 

Dalton's improved and lengthened list of the relative weights 
of ultimate jiarlicles, as given at the end of the New System, J^art 1 
(2nd edition. J842), is as follows: 


H3^drogen 

1 

Strontites [SnCOjtJ . 

40 

Azote . 

5 

Barytes [BaS04; 


Carbone 

f) 

I ron 


Oxygen 

• 7 

Zinc 


Phos])horus 

Q 

Cop])er 


Sulphur 

Id 

Lead 

95 

Magnesia 

. 20 

Silver . 

3 00 

Lime 


Phitina 

100 

Soda 

28 

Gold . 

140 

Potash 

• 4-^ 

Mercuiy 

ic: 
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A glance at the table on j>. 47 will show that Dalton’s values are 
in many cas('s very diherent from those acce])te(l at the present 
day. This is ])artly due to inaccurate analysis, but a little con- 
sideration will make it apparent that the real difliculty lay in the 
fact that Dali'on had no cunc Lusive means of arriuing at Ihc number 
of atoms in the ultimate particle of any compound, 'flius he a>'?sumed, 
in the abs(‘nce of evidence to the contrary, that the ultimate jiarticle 
of water conlains only 1 atom ol hvdrogcn and i of oxygen, 
and hence obtained, by deduction Irorn the data sujjplied by 
(juantitative analysis, the number 7 [accurate valut‘, c)i ourse, 8) 
for tlie atomic wtught ol oxygen. It is, however, obvious that il 
the ultimate particle cjf wat(‘r consists of 2 atonic ot nvdrogeii 
and I ol oxygen, then the atomic weight of the latter will be 14, 
while if it consists ol ], 4, 5, etc., atoms of livdrogeii and i ol oxvgen, 
the atomic weight of oxvgen must be 21, 28, 35, etc. In tne same 
way, by regarding the ultimate particle of ammonia to consist 
of I atom of hydrogen and J of nitrogen, Dal i on obt.iim^d ' aliout 
5 ’ foi the atomic weight of nitrogen, instead of the mod(;rn value 
14— which is based upon the hut that i mol(‘cnle or ultimate 
particle ol ammonia consists of 1 atom of nitrogen comluiK^d witli 
not I but 3 atoms of hydrogen. 

This lack of knowledge ol the number of atoms m the ultim.ite 
particle ol a comjiound was a serious liindrance to tlie development 
of the theory. i)ALTON himself was fully ulive to th(' rhihculty, 
and even as late as 1827 exjiresses himsell .is (juib‘ ftaiikly dis- 
satisfied with the position. ‘ The second object of the atomic 
theory,' he writes, ‘ namely, that of investigating the number ol 
atoms 111 the resjiective comjKmnds, apjiears to me tc have been 
little understood, even by some who have undertaken to expound 
I he principles of the thoor\ . 

‘ When two bodies, A and I>, combine m multiple proportions, 
for instance, 10 parts of A combined with 7 of B to form one 
compound, and with 14 to loim another, we are directed by s(^me 
authors to take the smallest combining proportion of one body as 
repiesentative ot the elementary particle or atom of that body. 
Now it must be obvious to any one of common rellection, that such 
a rule will be more frequently wrong than right. For, by the above 
rule, we inu.st con.sider the iiist of the combinations as containing 
I atom of B and the second as containing 2 atoms ot B, with 
1 atom or more of A; whereas it is ecjually piobable by the same 
rule that the compounds may be 2 atoms of A to 1 of B, and i 
atom of A to I of B respectively; for, the proportions being to A 
to 7 B (or, which is the same ratio, 20 A to 14 B) and 10 A to 14 B, 
it is clear by the rule, that when the numbers are thus stated, we 
must consider the former combination as composed of 2 atoms of 
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A, and the latter of i atom of A, united to i or more of B. Thus 
there would be an equal chance for right or wrong. But it is 
possible that lo of A, and 7 of B, may correspond to i atom A, and 
2 atoms B; and then 10 of A, and 14 of B, must represent i atom 
A, and 4 atoms B. Thus it appears tlie rule will be more frequently 
wrong than right. It is necessary not only to consider the combina- 
tion of A with B, but also those of A with C, D, E, . . . belore wc 
can have good reason to be satisfied with our determinations as 
to the number of atoms which enter into the various compounds. 
Elements [compounds] formed of azote [nitrogen] and oxygen 
appear to contain portions of oxygen, as the numbeis i, 2, 3, 4, 5 
successively, so as to make it highly improbable that the combina- 
tions can be effected in any other than one of two ways. But in 
deciding which of those two we ought to adopt, we have to examine 
not only tlie compositions and decompositions of the several 
compounds of these two elements, but also comj)Ounds which each 
of them forms with other bodies. I have spent much time and 
labour upon these compounds, and upon others of the primary 
elements, carbon, hydrogen, oxygen, and azote, which appear to 
me to be of the greatest importance in the atomic system; but it 
will be seen that I am not satisfied on this head, either by my own 
labour or tliat of others, chiefly through want of an accurate 
knowledge ol combining j)roporti(ms.* 

How this difficulty was at length overcome we shall learn in a 
moment. Wo may, however, first turn aside to see that the simple 
laws of chemical combination are all to be deduced from the atomic 
theory. In point of fact, they were discovered independently of 
it, and tlu' fact that they were experimentally established afforded 
strong presum])tive e\'idence m its fav^our. 

1. Ulc Lain' of the Co 7 iservutio 7 i of Matter . — 7 'his follows from the 
postulales that matter is comjiosed of atoms and that atoms arc 
indestructible and uncreatable. 

2. The haw of Constant ('omposition. — If all the ultimate partiedes 
of a given compound are identical, the compound must have an 
invariable o imposition . 

3. The Law of Multiple Proportions. ~ d'his follows from Dalton’s 
assumption that when atoms of elements combine to form the 
ultimate particles of compounds, they do so in small wliolc 
numbers. 

Suppose, for example, that the elements A and B unite together 
to form two difierent compounds. The simpk^st imaginable case 
will be when in one of the conqxiunds the ultimate partick'. consists 
of one atom of A and one of B, and in the other com])ound the 
ultimate particle consists f)f otk' atom ol A and two of B. Since, 
in one ultimate particle of each of these two comT:)ounds there is 
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one atom of A, it follows that the weight of A is constant in the two 
particles. The weights of B, on the other hand, will be in the 
ratio of the numbers of atoms of B respectively present in the 
particles; in this instance, i : 2. This is a simple ratio, and if 
comi)ouncls are always composed of small numbers of atoms, the 
ratio will always be a ratio of small numbers and therefore a 
simple one. 

Although Dalton never gave this law formal expression, there 
is no doubt whatever that he thoroughly understood it, and that it 
was, indeed, an important factor in the development of the atomic 
theory (see p, 44). The law was completely cstaldished, for large 
numbers of comjiounds, by Bekzeluts (1779-1848). 

4. The Law of Reciprocal Proportions, also a logical deduction 
from the theory, states that if an clement A combines with an 
element B and also, separately, with an element C, then if B and 
C also coml)ine together, the proportion by weight in which they 
do so will be simply related to the ratio of the weights of B and 
C which combine, separately of course, with a constant weight 
of A. The necessity of this relation will be obvious when it is 
remembered that Dalton postulated (a) that combination takes 
place between small numbers of atoms, to form the ultimate 
particles of compounds, and (Jb) that all the atoms of the same 
element are of exactly the same weight. Particular instances of 
the law were observed by Richter (1762-1807), but it was again 
Berzelius who thoroughly e.stablishcd it. 

A further debt that chemists owe to Berzelius is the introduction 
of the modern system of symbols, formulae and equations. Dalton's 
notation, consisting of circles with various kinds of shading, etc., 
was clumsy, forbidding, and extremely liable to error; and its 
replacement by the simj)le scheme of Berzelius must be regarded 
as an important factor in the success of the atomic theory. 

Gay-Lussac’s Law. — The first step towards the solution of 
Dalton’s difficulty in arriving at the number of atoms in the 
ultimate particle of a compound was taken by Gav-Lussac 
(1778-1850), who in 1808 enunciated his well-known law of the 
combination of gases by volume, viz. that when gases react they 
do so in volumes that bear a simple ratio to one another and to 
the volume of the product if that is gaseous. 

This simple relation between the volumes of reacting gases 
appeared to have some underlying significance, and L^>erzelius 
tentatively advanced the hypothe.sis that equal volumes of gases 
contain equal numbers of atoms. As a matter of fact, Dalton, in 
the course of his reflections upon atoms, had already taken this 
idea into consideration, but had rejected it for what we must regard 
as a perfectly legitimate reason. * At the time I formed the theory 



HISTORICAL INTRODUCTION 51 

of mixed gases,' he writes, ‘ I had a confused idea, as many have, 
I suppose, at this time, that the particles of elastic fluids are all oi 
the same size; that a given volume of oxygen gas contains just as 
many particles as the same volume of hydrogenous . . . but . . . 
I became convinced that different gases have not their pai tides 
the same size.’ 

The ground of his rejection of the hypothesis is as follcjws: ‘ It 
is evident that the number of ultimate particles ... in a given 
weight or volume of one gas is not the same as m another; for it 
equal measures of azotic [nitrogen] and oxygenous gases weie 
mixed, and could be instantly united chemically, they would form 
nearly two measures of nitrous gas [NO], having the same weight 
as the two original measures; but the number of ultimate particles 
could at most be one half of that before the union. No two clastic 
fluids, probably, therefore, have the same number of particles, 
cither in the same volume or the same weight.' 

Dalton was, in tact, inclined to believe that Gay-Lussac's 
experimental figures were inaccurate, and that the simplicity of 
his ratios was a deceptive one. His own results led him to think 
that * gases do not unite in equal or exact measures in any one 
instance; when they appear to do so, it is owing to the inaccuracy 
of our experiments.' Gay-Lussac's results were, however, correct, 
and Dalton’s were incorrect, so that the situation had reached 
an impasse, 

Avogadro. — How the atomic theory was to be reconciled with 
Gay-Lussac's law could not be perceived by Dalton, simply and 
solely because the idea of the indivisibility of the atom had become 
an obsession with him. Thus, his biographer Henry tells us that, 
to clinch a certain argument, he remarked with an air of finality: 
‘ Thou knows it must be so, for no man can split an atom.* It 
remained for Avogauro (1776-1856) to show how the reconcilia- 
tion was to be effected, with no loss of honour or principle on 
either side. 

Avogadro’s supreme contribution to chemistry was his sug- 
gestion that a distinction might reasonably be made between the 
ultimate chemical jxirticle of an element, the ' atom,’ and the 
ultimate physical particle ot a substance, the ‘ molecule.’ While 
accepting the Daltonian indivisibility of the atom, he was able to 
visualize molecules of atomic dimensions which might or might 
not be divisible, according as they consisted of more than one 
atom or of a single atom. 

In the light uf this conception, he was able to offer an alternative 
hypothesis '1811) in explanation of Gay-Lussac's law. ‘ Let us,’ 
he said, ‘ suppose that equal volumes of all gases— at the same 
temj)erature and pressure — contain equal numbers of molecules.* 
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' Setting out from this hypothesis/ he continues, ' it will be 
seen that we have a means of determining very easily the relative 
masses of the molecules of compounds which can be obtained in the 
gaseous state, and the relative number of these molecules in com- 
pounds; for the ratios of the masses of the molecul(‘s are then the 
same as those of the densities of the different gases, at (^cpial pressure 
and temperature, and the relative number of molecules in a com- 
pound is given directly by the ratio of the volumes of the gases 
that form it. For example, since the numbers i* 10359 and 0*07321 
express the densities of the tw^o gases oxygen and hydrogen, taking 
that of atmospheric air as unity, and the ratio of thi^se two numbers 
consequently represents the ratio between the mas>es of (‘(jual 
volumes of these two gas6\s, it will also express, on the livjx'tli' sis 
suggested, the ratio of the masses of their molecul{\s. Hius the 
mass of the molecule of oxygen will be about fifteen times that of 
the molecule of hydrogen, or, more exactly, 15*074 times. Siiiiilarly, 
the mass of the molecule of nitrogen will be to that of hydrogen as 
0*96913 is to 0*07321, that is, 13 to T, or more exactly 13‘23«S to i. 
On the other harul, since we know that the ratio of the volumes of 
hydrogen to oxygen in the formation of water is 2 to 1, it follows 
that watei* results from the union of each molecule of ox^'geu with 
two molecules of hydrogen. Similarly, according to the piopor- 
tions by volume established by M. Gay-Lussac in the elements of 
ammonia, oxide of nitrogen [nitrous oxide, NoOJ, nitrous gas Tnitric 
oxide, NO] and nitric acid [nitrogen peroxide, NO2], ammonia will 
re.siilt from the union of one molecule of nitrogen with thn^e of 
hydrogen, oxide of nitrogen from one molecule I'f oxygen with two 
of nitrogen, nitrous gas from one molecuk' of nitrogen witli 
one of oxygen, and nitric acid from one of nitrogen with two of 
oxygen.' 

The observation that Dalton found an insuperable obstac'k^ to 
the acceptance of Gay-Litssac’s law, viz. that one volume of 
nitrogen, if conil.iined with one volume of oxygen, yields two 
volumes of nitric oxide, receives a simple explanation in terms of 
Avc)t;Ai)U()’s hypothesis. For if two volumes of nitru* oxide an* 
obtaineil from one volume of nitrogen and one volume of oxygen, 
then the plain fact is that each molecule of the last two gases 
must have been halved, and thus must consist of two atoms or of 
some higher even number. 

With the clear distinction betwfien atoms and molecules to 
assist them, chemists might have proceeded at once to the accurate 
and unequivocal determination of atomic and molecular weights, 
and might thus have entered fully cquipj^ed upon the investigation 
of molecular architecture. Unhappily, Avogadko's brilliant sug- 
gestion was neglected for nearly fifty years, partly owing the the fact 
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that he published it in a somewhat obscure journal, but mainly 
because Dalton's authority in theoretical chemistry was supreme 
and uncliaUenged. As a result of this neglect of Avogadro, 
confusion and bewilderment concerning atomic weights made 
iormulae futile, and structural chemistry a subject lor bitter 
conflicts over (]uestions that were inheiently impossible to settle. 
So hopeless did the whole position seem by the middle of the century 
that m t 8()0 a congress of chemists was summoned at Karlsruhe 
to consider the situation. I.othar Mkyek, who was one of the 
members of the congress, relates tliat there he received a co])y of 
a pamphk't by a young Italian named Cannizzaro, and that on 
reading it he felt as though scales had been removed from his 
eyes: doubt vam^slicd and was replaced by a feeling of serene 
security. 

Cannizzaro’s pampihlet, entitled Sketch of a Course of Chemical 
Philosophy, was in cllect a masterly demonstration of the use of 
Avogaukvi’s h3^pothesis in settling the vexed question of atomic 
and molecular weights. He showed that the hypothesis enabl(‘d 
the relative weights of molecules of gases to be determined by the 
purely physical process of comparing the weights of ecjual volumes 
of those gases; and he further pointed out that, assuming the 
molecule of hydrogen to be diatomic (since the molecule of hydrogen 
chloride contains half a molecule of hydrogen), the molecular 
weights of gaseous substances must be twice their density referred 
to hydrog(Ti. 

‘ On the basis of the hypothesis [i.c. Avogadro's] cited above/ 
he says, ' tlie weights of the molecules are proportional to the 
densities of the substances in the gaseous state. If we wish the 
densities of vapours to express the weights of the molecules, it is 
ex])edient t(^ refer them all to the density of a simple gas taken 
as unity, rather than to the weight of a mixture of two gases .such 
as air. 

‘ Hydrogen being the lightest gas, we may take it as the unit 
to which we refer the densities of other gaseous bodies, which m 
such a case express the weights of the molecules compared to the 
weight of tile molecule of hydrogen™ i. 

' Since I prefer to take as common unit for the weights of the 
molecules and for their fractions, the weight of a half and not of 
a whole molecuk' of hydrogen, I therefore refer the densities of the 
various gaseous bodies to that of hvdrogen=2. If the densities 
arc referred to air it is sufficient to multiply by 
change them to those referred to that of hydrogen^ i; and by 
28-87 to refer them to the density of hydrogen ~ 2. 

' I write the two series of immlxTs, ex])iessing these weights 
in the following manner: 
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i Deimties or weights oj | 

I one volume, the volume ' Densities referred to that 
of Hydrogen bein^y rnadt' \ of IJydiogen = 2 , % e. 

Nayne^ ot Sulstam-c. \ oJ the I weights oj the molecules 

molecules rejerred to the j rejeired to the weii^ht of I 

ivvight of a ivho^e mole- \ half a molecule o\ Hvdro- ! 

rule oj Hydrof^eu lahi n as ; L;eH taken as uaily > 

unity 1 I 


Hydrof*eD j 

' 


, 

Oxygen, erdmarv 

lO 


3 ^ 

C>xyf^t‘ii, 

64 


128 1 

Sulphur below 1000" 

go 


102 j 

Sulphur above 1000“ 

3 ^ 


()4 j 

Chlorine 

". 3*5 


7 1 ! 

Bromine 

.So 


l(>o i 

Ars('njc 

1 50 

1 

1 

^00 ; 

Mercury 

100 

1 

200 i 

Water 

9 

1 

l.S j 

llydrochlorir acifl 

18*25 

1 

( 

5 *^ 1 

Ace lie acid 

3 « 

1 

1 

Oo I 

1 

‘ Whoever wishes to 

refer the densities to hyd 

rogen=: r, and the 


weights of the molecules to the weight of half a molecule of hydrogen, 
can say that the weights of the molecules are all re[)rcsentt‘d liy 
the weight of two volumes. 

' I myself, however, for simplicity of exposition, prefiT to lefei 
the densities to that of hydrogen— 2, and so the wciglits of the 
molecules are all represented by the weight of one vnlnme. 

‘ P'rom the few examfiles contained in the table, I show that the 
same substance in its different allotropic states can have different 
molecular weights, without concealing the fact that the experimental 
data on which this conclusion is founded still require confirmation.' 
[Alemb’^- (*lub Reprints, No. 18, pp. 6-7.] 

Cannizzako next proceeded to establish the conception of the 
atomic weight of an element as the smallest weight of the clement 
contained in the molecular weight of any of its compountK Thus 
he showed that the weights of carbon in the molecular weights of 
the following compounds were all either 12 or a simple multiple of 
12, whence he argued the atomic weiglit to be 12: 


Compound 

Molecular Weis^ht 

11 t iqht of Carbon in 1 

AJuhanlar W’eii^hl j 

Carbonic oxide 

28 

J 2 

Carbonic acid 

44 

1 2 

Carbon sulphide 

7f> 

1 2 

Mar^h j^as 

16 

J 2 

Ethylene 

28 

12 X 2 

Ihoj>ylene 

42 

IJ X 

Ether 

71 

12 X 4 
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Only a year after the cnngress of Karlsruhe, Kkkulk was u^^iiii^ 
vapour-cleiisily mt^thods for determining the molecular weights of 
organic compounds; the atomic weights of carbon, sulphur, and 
oxygen were accepted to he 12, 32. and i() instead of 6, if), and 8; 
and the way lay open to that unhampered progress which marked 
the latter half of the nineteenth ciaitury. Then at length Dai ton’s 
atomic theory blazed into its full glory and rendered possible thos(‘ 
amazing ncr|i]isitions of knowledge that were in due tinu* to cause* 
its own supersession. 

Conclusion. The main thread ot the historv ot chemistry has 
now been carried up to the point at which, in such a book as this, 
the princi])ai facts of later d(‘veloj)ment mav bt* more convi'niently 
considered under the appropiiate headings m the mam portion. 
W have seen how empirical facts c.in be cfirrelated and vivified 
under the influence of hypothesis and tht*orv, and we have learned 
to appiaise justly the value of each, h'acts without theory do not 
coiistituU* a scu'nce; theory without facts is an encumbrance and 
valueless. At bottom, a theory is no moie than a succinct explana- 
tion: a concise descn])tion of the unlamiliar in terms ot the familiar. 
When the description is found to be inadecpiate it must be modified, 
if inodihcation will again render it adcrjuati*. otherwise it has It) 
l)e abandoned and replaced by a better. Imagination therefore 
plays an important role in the progress of science, ff)r the perception 
of the familiar in the apparently unfamiliar is only to be achieved 
by imaginative, insight. Yet innigination must be controlled by 
(onsl.mt reterence to fact, by instant cippeal to the laboratory: 

Let us learn to dieam, genthmien,’ said Kekule, ' then perhaps 
we shall learn th(^ truth . . . but let us beware of publishing our 
dreams before they have been put to the proof by the waking 
understanding.’ d'he elixir, the phlogiston, the hyjiostatical 
])rmciple, the Daltonian atom, the ether, were all dreams that helpetl 
mc'ii 111 the eternal cpiest for truth, and have now passed into 
oblivion. We cannot doubt that the proton, the electron, and so 
forth arc destined to suffer a similar doom, but history teaches 
us not to WMste sentiment over the re])lacemcnt of an outworn tool 

// then, Socrates, amid the many opinions about the gods and the 
generation of the iiniverse, we arc not able to give notions which are 
altogether and in every respect exact and consistent with one another, 
do not be surprised. Enough, ij we adduce one as probable as any 
olher. [Tlato, Timaeus.] 


c 
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GENERAL AND rHEORETlCAL 




CHAPTER I 


ATOMS AND MOLECULES 

The classification of mattor — Elements — Mixtures and compounds — Defini- 
tion of an element- Laws of quantitative chemistry — Dalton’s atomic 
theory — Ciay-Lussac’s Inw of volumes — Avogadro’s hypothesis — Exactitude 
of Avogadro’s hypothesis - Atomic weights — Determination of atomic 
weights — Summary of atomic weight methods — Eudiometry — Molecular 
weights — Vapour-density determinations: Dumas' method, Hofmann's 
method, Victor Meyer's method — (ilass spring tensimeters — Valency — 
Equivalents -- The gravimetric composition of water- Kichards' atomic 
weight work — Actual weight of atoms — Later development of the atomic 
tfleo^^^ 


The Classification of Matter. — Chemistry is concerned with the com- 
position and behaviour of matter, and consequently with its 
classification. The simplest classification, into solids, liquids, and 
gases, more fully explored in the next chapter, though physical in 
kind, is of great significance for the chemist; but we shall first deal 
witli a classification which led to the atomic theory of Dalton, and 
un which the whole structure of chemistry is based. ^ 

Elements. — The idea of a pure substance was only vaguely under- 
stood early in the history of the science, and was not put into any 
very delinite form until the nineteenth century, but early chemists 
would probably have agreed that indistinguishable samples of the 
same substance could be obtained from different sources. Before 
separation into the pure constituents takes place the conglomeration 
is called a mixture, and mixtures may be separated into their 
parts by such means as sublimation, distillation, or crystallization. 
Many of the ])urc substances thus isolated, which arc perfectly 
liomogeneous even under the microscope and which resist any 
attempt to decompose them made by such methods, can be further 
split up by the use of chemical reactions, yielding new pure sub- 
stances that may perhaps be attacked in the same way; but a 
ixunt will ultimately be readied at which further attempts at de- 
composition arc fruitless. The resulting substance, which thus 
defies attempts to break it down into simpler substances, is called 
an element. The multiplicity of substances which compose the earth 
and its atmosphere is now knowai to result from the intercombina- 
tuais of about ninety elements, of which about eight preponderate. 

Mixtures and Compounds. — If an exhaustive study of a substance 
discloses circum.stances, that, when they undtirgo continuous 

^ Tile topics treated in the first few paragraphs of this cliapter will be found 
more lully discussed in the Historical Introduction. 
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vnrit'ition, cause coircsporiclmi^ rouiinnoiis variation in the compos- 
ition of the substance, then the material fails to qualify as a chemical 
compound, for whicli fixiiv of comfo^iiinii is to b(' taken as the 
mo.'.t essential and fundamental property. A mixture of hydrogen 
chloride and water containing 20*22 per cent of the former boils 
under 7(^0 mm. jiressure constantly at iio‘' C., and the condensate 
IS found to have the same composition as the original liquid. Further, 
the iKpiid is an active acid, a property not j)ossessed by cither 
ol its constituents when separate. Such behaviour would suggest a 
compound, but when a further study showed that a continuous 
variation of the pressure occasioned not only a variation of boiling 
point, but also a continuous variation of the compo.sition, ii became 
clear that the lujind must be relegated to the category of mixtures 
(sec p. 170). J^'roni aqueous solutions containing the salts potas- 
sium sulphate and ammonium sulphate m varying proportions, 
perl(*ctlv homogeneous crystals ma^^ be obtained, but with corn- 
posit itiiis varying in conesiiondencc with that of the solution. On 
the other hand, when for ammonium .sulphate aluminium sulphate 
is substituted, the salt potash-alum, containing a constant y>ro- 
portion of the two sulphates, is obtained from solutions of widely 
varying compo.sition. On the.se grounds we say that the first 
example is a typical mixture, while the second is usually regarded 
as a compound (a double salt, p. i()7). The progress of chemistry 
has shown that we can no longer hope to distinguish mixtures from 
compounds by reference to ‘ physical ' as distinct from ‘ chemical * 
methods of attack. Heat will melt ice, and boil the water produced, 
and both these effects would commonly be termed ‘ physical ' 
changes. Ihjwever, when the temperature is raised to the neigh- 
bourhood of 1000° C. the water undergoes the admittedly ‘ chemical ’ 
change of dissociation into hydrogen and oxygen. To many 
chemists our present knowdedge of the constitution of water sug- 
gests that it.s volatilization is quite as much a ‘ chemical ’ as a 
* physical ' change (see j). 103). Thus here the assignment of the 
same agency to physical or chemical roles is arbitrary. While it is 
probably true that the heat (or energy) changes involved in the 
more violent chemical actions are greater than those associated w’lth 
so-called physical changes, and therefore that a large liberation of 
heat indicates prima facie a chemical cliange, a modern catalogue of 
he<it changes would hardly allow a general distinction to be drawn 
that would be serviceable to distinguish the production of a mixture 
from that of a compound. Even the rigorous criterion of fixity of 
composition has suffered some relaxation since the discovery of 
isotopic elements. Cxintrary to Dalton’s belief, we now have proof 
that the atoms of an clement have not a constant single W'eight, but 
rather a range of weights. Thus, for example, there are two chemi- 
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(.ally indistinguishable atoms of lead, the one ol atomic weight 2o(), 
and tile other 208: and therefore the cfunposition of lead monoxide 
may vary between the proportions 20b/ ib and 2oS/it) of lead lo 
oxNgen resp:)cctively. 

Definition of an Element. -An element may be described as a 
substance which cannot by the ordinary methods ol chemistry be 
decomjiosed into simpler substances. Since the beginning ol the 
century this idea of an element has undergone modification. The 
iornier (|nahfication, ' that has ru)t yet been decomyiosed,' can now 
1 h‘ droi^yied. It is quite true that many substances for Itaig suy)yx)sed 
lo be cleiiK'Tits wine by the advance of chemical technKjue jirovcd 
to lie compounds, and when this was still yxissible such a cjiialih- 
calion was very necessary. Since 1914, howevei, a ciiterion has 
been available (the X-ray syiectrum, sec p. 300) which allows us to 
decide beyond rcasonalile yiossiliihty of doubt whether a substance 
IS an clement or not, and we neixl coiisefjuently no longer adoyit so 
diffident an atlitiuh*. 

With modern lesoiirces the following succession of break-down 
j)iocessCvS is tyyacal of what may be achieved with a substance such 
as watiT* 


(1) Volatilizati(»n 

(2) Dissociation to molecules of hy- 

drogc'ii and oxygen 

( ;») I )issociation of molecules into atoms 
( ]] Fission of atoms into snnyiler 
ytarticles 


Room temyicrature 

Above 1000” C. 
Ab()\’c 2000 ' C. 

Stellar temyDeratur(\s. 


W'ere these cliaiiges to be accomyilishcd by y^urely thermal agency 
the temyieratuies required to secure a lair rate of change would be 
those indi('ated in the second column. In all the exainyiliN we might 
give of Mich a succession of decoin y)ositioris there would be found an 
enormous gay:> between the intensities of attack reijuired for stages 
(^) and (1). The sun’s energy is almost certainly deiivcd from the 
(indirect) condensation of tour hydrogen atoms into one of helium, 
and we may gather from this the sort of intensity required to effect 
the reverse change. It is therefore natural and convenient at the 
])rescnt io separate 'ordinary' chemistry (corresyiondiiig to sneh 
changi's as (i) to (3)) from what might wxdl be tiTined ‘ stellar ’ 
chemistry, which is concerned with the break-uyi of elementary 
atoms and the re-combination of the y^arts. While the tenu atom 
is no longer literally justified, it is siill true that most atfims are 
immensely more stable than the chemical comjKmnds they form. 

Laws of Quantitative Chemistry. — In the discussion of the 
difterences between a mixture and a compound the Laio of Constant 
Proportions has already been implicated. 'Hie discovery by PjiOUST 
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in 1797 of this law — for sonic years a matter of controversy — was 
only made possible by tlie enuncuition by Lavoistkr of the Laju of 
Conservation of Mass, which had served as a w’orking generalization 
U)T chemists for many years previously, but first received definite 
conhrmation from tlie experiments of the French chemist. 

The most refined verifications were carried out bv Landott 
(1893-1908) and by Manley (1912). J.andolt placed the reagents 
in the limbs of a glass H-tube, and mixed them by inverting the 
apparatus. After various sources of error had been eliminated, no 
difference in weight to 1 part in 10,000,000 could b(' delected before 
and after the reaction took ])lacc. For the reaction between sodium 
sulphatt^ and barium chloride in aqueous solution Manley verified 
the law to i part in 100,000,000. Modern theory requires t];at 
reactions in which heat is given out should involve a slight accrease 
ill mass, but the diffeience is far too small to be detected directly by 
any methods at the present availabli*. Williout the Law of Con- 
servatimi of Mass gravimetiic analysis is impossible, since the 
latter always depends on no matter being gamed or lost. When 
once the Law of Constant Proportions was firrnlv established, 
analytical tcchnic[ue made great advances, and the Law of Multi fie 
Proportions and that of Reciprocal Proportions quic'kly folk) wed. 'J'h(‘ 
former states that wdien two elements combine in rnon'. than one 
proportion (by weight), then these projiortiims bear a sim})le ratio 
to one another; the latter that the proportions in which two elements 
separately combine with a third element are either in the ratio in 
which those two elements themselves combine or else in a simply 
related ratio. It w^as the consideration of these law’s that in 1808 
afforded John Dalton support for the atomic theory which Ix'ars 
his name and which made possible the development of modern 
chemistry. A logiced attitude to the laws of constant, niulti]de, 
and reciprocal projiortions demands a delinition oi chemical com- 
bination, and of a chemical compound, independent of tlie laws. 
We have seen, liowever, that substances failing to exhibit constancy 
of composition arc excluded from consideration as c omi^ounds. The 
law of constant proportions is thus in practice i educed to a truism. 

Dalton Atomic Theory. — The theory that matter consisted of 
discrete particles, based though it w'as ratiier on philosophical 
s])eculation than on experiment, had been a commonjdace since 
the days of ancient (Greece. Dalton himself seems to have been 
influenced chiefly by the views of Newion. TIk* great contribution 
of Dalton— the essential buttress of his theory — was the application 
of gravimetric relation.shij^s to the problem ol chemical combina- 
tion. If the elements consisted of sejiarate particles or atoms, then 
the compounds formed from them must consist of ‘ comyiound 
atoms ’ each of which contained atoms of the elements from wdiich 
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it was derived. Since the weights of the elements present in these 
compound atoms were in a constant proj^ortion, might not this 
pro]H)rtion, in the simplest kind of compound atom (i e. that of a 
binary compound), be sim])ly the projnjrtion of the weights of the 
atoms? If this were so, it w'as merely necessary to suppose that 
all the atoms of the same element w’eir ecjual in weight for the Law 
of Constant Proportions to receive a natural explanation. 

I);il1on's theory may be summarized as follows: 

(i) Elements consist of nuleslructihle atoms, all the atoms of the 
same element being exactly equal in locigJit and alike in all other 
respects. 

(ii) ('ompound atoms arc formed by the union of elementary atoms 
in simple niimeriial proportions; consequently the gravimetric 
composition of a compound is determined by the number of 
elementary atoms in the compound atom and by the atomic 
weights of the elements. 

The theory thus gave a satisfactory explanation of the Laws of 
Constant, Multiple, and K^ecijirocal Proportions; but at the end of 
the year 1808 Gay-Lussac ])ublishcd his Law oj Volumes, and 
Dalton’s theory found itself in diiriculties, 

Gay-Lussac’s Law of Volumes. — Gay-Lussac’s law, which was 
founded on his own researches, stated that the volumes in W'hich 
gases combine bore a simple numerical relation to one another and 
to the volume of the product, if it were a gas, all volumes being 
measured at the same temperature and pressure. (ray-Lussac 
was cont(mt to state his experimental lesults without attempting 
their interpretation in the light of the new views of Dalton, but 
the connection between them could not fail to sti ike forcibly home 
to the chemists of the time. Gay-Lussac had shown that when 
gases combined their volumes were simply related, and Dalton 
considered that the numbers of combining atoms were simply 
related; it followed that there must be a simple relation between the 
numbers of atoms in equal volumes of the two gases. Let us sup- 
j)osc this simple relation to be an equality, equal volumes of all 
gases under similar conditions of temperature and pressure con- 
taining the same numbers of atoms, and let us apply this hypothesis 
to the combination of hydrogen and chlorine to form hydrogen 
chloride. Then since by experiment 

I volume hydrogen+i volume chlorine=2 volumes hydrogen 
chloride, 

it follows from our hypothesis that 

I atom hydrogen + i atom chlorine— 2 compound atoms hydrogen 
chloride. 

*c 
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One compound atom ot hydrogen cJiIonde therefore contains only 
lialf an atom each of hydrogen and chlorine, which is contrary to 
Dalton's doctrine of the indivisibility of atoms. Similar contradic- 
tions are encountered in all gaseous reactions in which the volume 
ol the gaseous jiroduct is greater than the volume of any one of 
the rt'actants. 

The difficulty was a serious one, and Dalton probably had it in 
his mind when he denied the truth of Gay-Lussac’s law ‘ The 
truth is, 1 believe,’ he wrote. ‘ that gases do not unite in equal or 
exact measures in any one instance; when they ap])(‘ai tr do so, it 
is owing to the inaccuiacy of oui expernru^nts ’ (see p. 51, There 
the matter rested till iSii. when Avogadro showed how the 
op])osing views could be r(M:onciled. 

Avogadro’s Hypothesis. —(An account of the dt'velopnu'iit of 
the atomic and molecular theories will be found in the Historical 
Introduction.) Avogadio suggested that it was necessary to dis- 
tinguish between the particles ol gases and the atoms, or units, 
which took part in chemical change. In the elementary gases the 
atoms might be combined into larger units which he called molecules, 
each molecule containing some fixed number of atcmi^, Irequenlly 
two. Equal volumes of all gases under the same tondiiuois ol tem- 
perature and pressure contained equal numbers of molecules 
(Avogadro’s hypothesis). This idea circumvented the dificulty 
found in explaining the volume relations ol hydrogen, ctdorine, 
and hydrogen chloride, for if the molecules of hydrogen ami chlorine 
each contained two atoms, and if one molecule of each gas combined 
to form two molecules of hydrogen chloride, then each molecule 
of the latter must contain one atom of each element: a satisfactory 
conclusion- Moreover some su])port was found tor Avogadro’s 
hypothesis from the coefficients of thermal expansion ot gases, 
which under the same conditions ot temperature and jircssure are 
all equal; this sliows that if the hypothesis be true at any tem- 
perature it must be true at all temjieratures Neverthele.ss this 
simple and ingenious supposition, which explained so much and 
against which no valid objection could be raised, had to wait half 
a century for recognition. Dalton’s theory found an immediate 
if qualified acceptance, but Avogadro 's hypothesis, which alone 
could bring it to its full usefulness, w^as generally neglected, and 
w^as strongly opposed by Dalton himself. 'I'hc conse(|ucnces of this 
neglect w’cre most unfortunate for chcnnstr\'. From Dalton's 
theory alone it was impossible to deduce with any certainty a 
system of atomic weights. Dalton worked on the principle that 
when only one comiioiind of two elements was known, it must be 
assumed to be binary; so he wrote the formula for w^ater HO 
(h3^drogen peroxide being as yet undiscovered), and this caused 
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error throughout the series. Confusion in the atomic weight table 
persisted right down to the time of Cannizzaro, to whom the 
credit is due for finally securing general adherence to Avogadro’s 
hypothesis in i860. Since that day many eminent chemists have 
insisted that the hypothesis was a hypothesis still, but it has been 
universally adopted for the calculation of atomic weights, and in 
conjunction with Dalton's theory is the corner-stone of modern 
chemical theory. Since the development of the kinetic theory of 
gases and the theory of atomic number, independent methods of 
checking the hypothesis have been made available to scuaice, and 
there is now' no reasonable doubt that it gives a true jiicture of the 
fa(‘ts. In ])articular, it has been found possible to calculate by 
several different methods the number of molecules in a gram- 
molecule of a gas at standard temperature and pressure 
(' Avogadro's Number *), and these calculations all agree within 
the degree of accuracy of the measurements. 

Exactitude of Avogadro’s Hypothesis.— A vogadro's hypothesis is 
not, however, one ol the few generalizations (such as the Law rrf 
Conservation of Mass) which are obeyed with an accuracy greater 
tlian that ol the experimental methods available for testing them. 
It IS clearly dependent on the gas laws, and these, in their simplest 
form, are known to be only approximately true. In accurate 
deductions from Avogadro's hypothesis these small variations 
must l>e taken into account, and for this reason the vapour-density 
method is seldom used for the determination of molecular w'eights 
with great precision. It is, however, an almost indispensable 
[)ieliniinary to the determination of atomic weights by purely 
gravimetric methods, and the connection between the two processes 
must be briefly described. 


Atomic Weights 

The definition ol atomu weight must first be discu.ssed. The 
atomic weight of an element was originally defined as the rnUo 
of tlie weight of an atom of that clement to the weight of an atom 
of hydrogen. The atomic weight, defined in this way, is in fact 
not a weight at all, but a number. It was later pointed out that 
while only about half the elements formed compounds with hydro- 
gen, nearly all formed compounds with oxygen, and that many of 
these compounds were very suitable lor analysis. The atomic 
weight of oxygen on the hydrogen standard (H=“i) is 15*875; it 
was therefore agreed that 0=16 should be the standard: this 
makes hydrogen i*oo8. A further advantage of the change is 
that with oxygen as standard other atomic weights approach more 
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nearly to whole numbers than with a hydrogen standard. This 
curious numerical relationship will be discussed in Chapter X. 
The choice of oxygen as a standard is complicated by the recent 
discovery that oxygen has isotopes (p. 321). If the pure isotope 
O^® is taken as standard, the almost constant minute amounts of 
O^’ and O^® present in ' chemical * oxygen give the latter an 
apparent weight of 16*004: thus the difference between ' physical * 
and ‘ chemical ' atomic weights is quite negligible for most purposes. 


Determination of Atomic Weights 

I. We will suppose that the atomic weight of such an element 
as carbon is to be measured. A volatile compound containing 
carbon and only one other element must be selected and its vapour 
density determined, that is, the density compared with hydrogen --i 
(at the same pressure and temperature). Methane will do very 
well ; it is found to be eight times as dense as hydrogen. Since by 
Avogadro's hypothesis equal volumes of hydrogen and methane 
contain the same number of molecules, and since the hydiogen 
molecule is supposed to contain two atoms, the molecular weight 
of methane referred to 11=1 must be 16. The atomic weight of 
carbon cannot, however, be calculated from this result without 
a knowledge of the number of atoms of carbon and hydrogen in 
the methane molecule. Gravimetric analysis shows that the ratio 
of carbon to hydrogen by weight in methane is as 3 to i, or 12 to 4, 
so the simplest view would be that the atomic weight of carbon 
was 12 and the molecule of methane CH4. We are, however, by 
no means justified in adopting this result without further inquiry, 
since the formula might equally well be C.^H4, which would lead to 
an atomic weight of 6 for carbon; the atomic weight may indeed 
be 12 or any simple fraction of 12, but not more than 12. To 
decide between the possible formulae we must analyse and find 
the density of other volatile carbon compounds, tabulating the 
results as follows: 


Mol. wt. Carbon Alol. wt. Carbon 


Methane 

16 

12 

Carbon monoxide 

28 

12 

Ethylene . 

. 28 

24 

Carbon dioxide 

44 

12 

Benzene 

78 

72 

Carbon disulphide 

70 

12 

Acetylene . 

. 2O 

24 

Cyanogen . 

52 

24 


In no compound is it necessary to assume an atomic weight of less 
than 12 for carbon: we therefore provisionally accept this value. 

2. Dulong and Petit's Specific Heal Law, though it attracted 
no great attention for some time after its publication (1819), was 
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extensively used in the second half of the past century for the 
calculation, or rather the coirection, of atomic weights. The law 
states that for the solid elements the ])roduct of the specific heat 
and the atomic weight is a constant (usually alxmt C >}. The 
following table gives an indication of the degree of exactitude of 
the law: 


Element 

A tonne 

Atomic Heat 


Weight 

(2o”-ioo'*) 

A1 

27 

5-9 

P 

31 

0-2 

S 

3-2 

5‘7 

Cu 


bo 

Ag 

loS 

61 

Pb 

207 

6-4 


Element 

A tomic 

H 'eight 

Atomic Heat 
{20°- 100°) 

Be 

Q 

3-M-3 


10-8 

2-5 -3- -2 

C (graphite) 

1 2 

2-0-2-8 

(diamond) 

1 2 

l-4-2*2 

Si 

28 

47-5-4 


Early opposition to the law was chiefly due to a conflict between 
atomic weights calculated from the law and those accepted at the 
time: later criticism has concentrated on the variation in the 



Ino 2 Variation of Atomic Heat with Temreraturf 


specific heats of the elements with temperature. Modem work at 
low temperatures has shown that the specific heatb of all elements 
tend to zero as a limit as the temperature is reduced to the absolute 
zero, but that at liigh temperatures (difterent for each element) the 
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specific heat increases to a constant value in good agreement with 
the requirements of Dulong and Petit's law. The diagram (Fig. 2) 
shows the variation in the atomic heat (the specific heat at constant 
volume X the atomic weight) of lead, copper, and diamond between 
absolute zero and 400"^ Abs. The useful generalization of Dulong 
and Petit is no longer a scientific curiosity: it has received a 
satisfactory explanation on the basis of the quantum theory. 

In order to determine the approximate atomic weight of a solid 
element it is therefore only necessary to measure the specific heat 
in a temperature range over winch it is constant and to divide 
this figure into 6-4. This gives only an approximate value. Rather 
greater accuracy can be obtained by calculating the specific heat at 
constant volume by thermodynamical methods, and taking the 
atomic heat constant as 6*0. The exact figure must al»vays be 
obtained by gravimetric analysis; in short, Dulong and Peiit's law 
helps us to interpret the results of the analysis. 

3. It is usually possible to come to conclusions about the atomicity 
of a gas (the number of atoms in the molecule) from measurements 
of the molecular heat at constant volume. For monatomic gases 
such as argon or mercury vapiour this amounts to nearly 3 calories 
per gram-molecule, for diatomic ga.ses the experimental values 
vary betwe^en about 4*7 and 6 calories, while for gases of higher 
atomicity the figures, thcjugh higher, are rather less constant. A 
physical interpretation of this relation can be given on the ba^is 
of the kinetic theory of gases (p. 100). 

An approximate atomic weight for such an c^lement as nitrogen 
can therefore be calculated from measurements of tiu‘ density and 
specific lK*at at constant vc^lume of nitrogen gas, and this can be 
combined with the results of analysis of the nitrogenous compounds 
ammonia or nitric oxide. 

4. 'I'he method of chemical substitution is of interest because its 
results depend only on chemical methods and are independent of 
Avcigndro’s hypothesis. It may, however, easily lead to erroneous 
results, and in actual fact it appears never to have been used 
until the atomic weight had already been established by other 
methods. 

Carbon is again the best example. Gravimetric analysis of 
methane shows it to consist of 3 parts of carbon to i of hvdrogen. 
If now methane is exposed to the action of chlorine four substances 
can be isolated (methyl chloride, dichloromcthane, chloroform, and 
carbon tetrachloride), in which one-quarter, one-half, three-quarters, 
and the whole of the hydrogen originally present in the methane 
has been replaced by chlorine. Tliese proportions can be estab- 
li-shed by gravimetric analysis. Since the hydrogen can be rejilaced 
in four steps, four atoms of hydrogen must be present in the mole- 
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cule: the carbcjn, however, cannot be fractionally displaced, and 
IS therefore ])rcsent as a siii^^le atom. The formula for methane thus 
being Ibiind to be the atomic weight of carbon must be 12. 

5. The atomic weight can be estimated within a few units by 
assigning to the element on the basis of its properties and the 
])roperties of its coin])ounds its proper })lace in the Periodic Table 
(('liapter X). The atomic weight of the rare element indium was 
found in this way in cf>nibmation with the results of analysis. 
This method is entirely independent of Avogadro's hypothesis, 
and nowadays furnisln's one of the strongest pieces of evidence' of 
the truth of that hypothesis, but was naturally not availabk‘ liefore 
tile discovery of the Periodic Arrangement some eighty years ago. 
But long before tliis (in 1819) Mitschi^klich discovered that 
compounds of similar but not identical composition crystallized 
in similar forms, and this phenomenon, which he namerl isofiiorphisni, 
pKiyed some part in the original calculation of the atomic weights, 
dduis the chloride of tlic rare (dement rubidium is isomorjihous with 
potassium chloride, and the molecule may therelore be expt^cted 
to be of the same typo: so that if potassium chloride is known to 
be KCl, then rubidium chloride is RbCl, and the atomic weight of 
rubidium can be calculated from the results of analysis. 

0. The atomic weight can be diiectly calculated from the results 
obtained with the mass-spei'trograph (Chapter X). Recent im- 
provements in this instruiiKuit have greatly increased its accuracy, 
and it now rivals the analytical method for the determination of 
atomic weights. The results are independent of Avogadro's 
hypothesis, and give the true atomic wxights, i.e. the atomic 
weights of the isotopes. If moie than one isotope is present, then 
the relative proportions must be (‘stimated before the ‘ chemical ’ 
atomic weight can be calculated ; this is difficult, but accurate results 
have tieen achieved. 

Summary of Atomic Weight Methods. — We mav summarize the 
available methods for the dclermmatioii of atomic weights as 
follows : 

Law, Theory, or Hypothesis 
Mtthoil Experiivcntal Data required employed {in addition to Alomii 

T heory) 

1. Vapour density and ^ravi- | 

metric analysis (d several \ Avogadio's hypothesis, 
compounds ) 

2 Specific lieat of t he element | 

tiravimetnc analysis oi a com- • Dulcmg and Petit's law. 

]>ound. J 


3 - Vapour density and specific | 

heat at constant volume of ( Kinetie theory of gases, 

gaseous element . gravinu'tric | Avogadro's hypothesis, 

analysis of a compound I 
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Method Kxpevimcnlal Data required 

4 (ii .1 v'liTH-lric .iiialysis ol coni- 

l»OLind and ul substitution- 
products. 

5 Stiuly ot properties of element 

and its t oTnjiounds 

Disc overv of isomorpliuus coni- 
]H)unds. 

6 Ma«s spectrum. 


Laiv, Theory, or Hypothesis 
employed {in addition to Atomic 
Theory) 

Doubtful tram of reasoning. 


Vl rioihc law. 

I. aw of iboinor[)lusni. 

J'undamental laws of motion 
and clectiiritv. 


Eudiometry. — Gravimetric analysis ol gases is fro(iiicntJ\ a 
matter of great difficultj^, but this process may be replaied by a 
volumetric study of suitable gas-rcactions combined with Vvogadio's 
hypothesis. Thus when equal volumes of hydrogen and chlorine 
combine there is scarcely any change in the volutiu; of the svstem, 
and if hydrogen and chlorine can be shown to be diatinnic — 
they are - -it follows immediately that the* moleciih' of hydrogen 
cliloride is IICI. The atomic weight of chlorine can tlien be accurately 
determined by gravimetric analysis of hydrogen cliloride. 1“he 
commonest example of this process is furnished by eudiometry, 
which can be used for any gas that forms an expiosi\T mixture 
with oxygtm. A eudiometer is simply a graduated barometer 
tube fitted at the top with a spark-gap between two platinum 
wires sealed through the glass. The gases to be studied arc admitted 
separately while the tube is filled with mercury, and their volumes 
are measured and duly corrected for pressure and lenqieratuie. 
Reaction is then brought about by passing a spark, and when the 
resulting gas mixture has cooled its volume also is measured. The 
method IS frequently aj^plied to gaseous hydrocarbons, and it 
is then important to know what proportion of the pro.Jucts 
of combustion is carbon dioxide. This can be ascertained by 
jiassing a little concentrated potash solution up the tube, thus 
absorbing the carbon dioxide while leaving the other gases un- 
changed. Unless the eudiometer is surrounded by a vapour-jacket , 
the water produced by the combustion of substances containing 
hydrogen will be condensed to a liquid, whose vapour-pressure 
must, however, be allowed for, even if its volume is negligible in 
comparison with that of the gases. 

The principle of the instrument may be made clear by tlie 
following example, an experiment to determine the formula of the 
gaseous hydrocarbon methane. All volumes have been reduced 
to N.r.P.' 

157 c.c. of methane and 40*2 c.c. of oxygen were introduced 
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into the eudiometer and a spark was passed, the methane being 
oxidized to carbon dioxide and watei according to the eij nation 

C;,H,.+ (x4 ^’)0j=Arr0,-i--^’H20. 

4 “ 

The volume of the carbon dioxide produced and of the unused 
oxyfjjcn amounted in all to 24-5 c.c., the water being present as a 
litiuid and the whole of the methane having been consumed. The 
carbon dioxide was absorbed bv potash and the residual oxygen 
was found to occupy a volume oi 8-8 c.c., that of the carbon dioxide 
having been thcrelnre 24-5— 8-8 — 15-7 c.c., that is, equal to the 
original volume of the methane. It follows that x=i, and since 
the volume of oxygen consumed, 40*2 8-8— 31*4 c.c., was twice 

V 

the original volume of methane, .r 1 * ^-2, or 7=4. The formula 

4 

of methane is therefore CHj. 


Moiecular Weights 

The methods for the determination of the molecular weight of a 
substance may be divided into two classes. 

(i) Mcasuri'ments oj the vapour density. 

(ii) M easnrements of the molecular weight in solution, based on the 
])ioperties such as vapour pressure, freezing- and boiling- 
points which are related to the osmotic pressure of the 
solution. These are discussed in Chajiter IV. 

Not all coiTipounds can be vaporized at a temperature low enough 
to make determinations by the first method possibh^, but it should 
be clearly understood that the two methods do not always measure 
the same thing, as tlie moleculai weight in solution may not l)e tlie 
same and for a l:irge class of substances is not the same —as the 
molecailar weight in the vapour phase (see Cha])ter IV). It is 
also dangerous to assume that the molecular weight in the vapour 
phase coiresponds with the simplest possible formula, since both 
association into double or more complicated molecules and dis- 
sociation into other compounds or into atoms are possibilities to 
be reckoned with. As to the molecular weight in the solid state, 
it has not been possible to irnestigate it at all until recent years, 
and our knowledge of the subject is still far from general. The 
molecular weight of pure liquids is also a subject on which little 
precise information is available. These subjects arc di.scussed in 
the next chapter. 

Vapour-Density Determinations. — Apart from researches of high 
precision, in which special methods are always used, there are three 
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methods coinnujiilv employed in llie laboratory to measure the 
density of a va])our. Idie object of all these methods is to measure 
the volume of a known mass of vapour at a known tenipei atiire 
and })ressiire. 

I. Dumas Method. — A small quantity ot the liquid is introducexl 
into a weighed glass bulb, drawn out at one end into a long tliin- 

w,dled CvL])illarv tube (h'ig. 3). The 
bulb IS then placc*d in a thermostat 
at a tt‘nq)oiature high rnough to 
make tlie lujuicl boil vig(;r aisly. At 
high l emjx^ratnres a constant - 
tem])eralure air bath can be substi- 
tuted for thi' thermostat. As ^oon 
as all the lujuid in the oulli has 
va]K)ri7ved, that is, as soon as \M])om 
ceas(‘s to stn'am from tlie bulb, tlK‘ 
ca]>illatv tube is stMlril ofl, and the 
bulb IS I'ooled and weighed. 'The 
volunn' occupii'd b\’ the vapour is 
then found by ojuaung the tip of 

1 *j(i a- Vai‘ouk Djxstiy nv cai)il]ary tnlx' under walca free 

Dumas’ ISItTuoD from dissolved air and W(‘ighing the 

bulb with the water which lushes 
into it, but if this water does not till th(' bulb, not all the air was 
I'xpelled from it dunng (‘bulhtion, and the (‘XjXTinuait must be 
re])eated. '1 he calculation offers no diniciilly, and w ill be 111. ule clrar 
by an c’xample. 

An expeinnent was carried out with benzene at ioo'\ and it 
was found that at this temperature, and at a barometric pressure 
of 754 mm., 115-7 benzene vapour weighed 0-293 all 

weights having been reducevi to vacuum. The density of Ixmzene 

• M l u .uu X 0-293x1000 ' 760 X (273 f 100) 

vapoui at N.l.P is therefore — -- — xX-? ' i 

J 15*7x754x^73 

- 3-507 gm. pel litre. Hut the deii.sity of hydrogen at N.T.I^. is 
0-0899 gm. per litre, so the vapour density of benzene (H ^i) is 



T507 

0*0899 


=- 39 - 


Since the molecular weight of hydrogen is 2, the 


molecular weight of benzene is 2 x 39^ 78. 


2. Hofmann’s Method . — In this method a known weight of a 
volatile liquid, enclosed in a small bulb which it must fill completely, 
IS introduced into the vacuum above the mercury in a barometer. 
The barometer tube is usually enclosed in a steam-jacket (I'lg. -i), 
and the bulb is allowed to float up to the surface of the mercury, 
where the internal pressure is sufiicient to expel the stopper. 'I'he 
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barometer tube is graduated from the top, and when the mercury 
is steady the volume, temperature, and pressure of the vapour 
ran be read. 

3. Victiv Meyer’s Method . — In this method we measure tlie 
volume of air displaced by a known weight of a volatile liquid in 
vaporizing. Various devices can be used to measure th^^ volume at 
atmospheric pressure, perhaps the best being that shown in the 



I IG 4 VArniiK I 

DrNsiT^ liY Hor [ Cic . 5 Vai'otir Dkvsity ry Victor Mkykk’s 

mats'n's Micuiun Mcthod 

dia^r.un (Fig. 5). The weighed bulb is placed on the movable 
siq)poit 111 tilt' top of the apparatus, the bung is inst'i ted, aiul tlie 
niervmrv levelled in the two tu'oes while the liquitl in the vaptnir- 
lackel is boiled briskly. \Mu‘n tlie mercury irvels are steady the 
bulb IS allowed to fall to the bottom of the tube, wlicre the contents 
are vaporized, the base of the tube being prott'clt'd by an asbesttis 
])ad. The' mercury is again levelled, and the volurnt' of air dis- 
placed is read at room temperature and pressurt'. The volume 
actually measured is the volunai the vapour would have at the 
temperatuu; ot the room, siiu'c we are entitled to assume that it 
has the same coefheient of expansion as the air that it displaces, and 
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the increase in volume of the gas in the apparatus takes place in the 
col(i(T part of it. 

Exami)le : 

0*1743 gm. of carbon tetrachloride was vaporized (in a steam- 
jacket), and the volume of air displaced was 26*7 c.c. The tempera- 
ture of the tubes containing mercury was 12°, and atmospheric 
pressure was 74S mm. The volume of the carbon tetrachloride 

vapour at N.T.P. was therefore ^ ^ /4^ ^ ^ weight 

(273-1 12) X7bo 

of a litre of the vapour at N.T.P. is 
0-1743 X looox (273-1-12) X 760 


26*7x273x748 



gm. =-6-923 gm. 

l^ut n litre of liydrogen at N.IM'. weighs 
0*0899 gm., so the vapour density of carbon 

tetrachloride (H~i) is —^^^-=77. The 
' 0*0899 


molecular weight of carbon tetrachloride is 
therefore 2x77 — 154. 

In Victor Meyer's apparatus the vapour 
of the substance under examination is 
diluted with air. I'he molecular weight of 
certain substances (p. 414) will be ahccted 
by this dilution, and for such substances 
the methods of Dumas and Hofmann are to 
be preferred. Apart from this possibility 
of association or dissociation of the vapour, 
the method of Victor Meyer, though rapid 
and convenient, does not give results of a 
high order of accuracy. 

Glass Spring Tensimeters. — For modern 
precise determinations a glass spring tensi- 
meter is commonly used (Fig. 6). A weighed 
quantity of the substance is introduced into 
the bulb A, the air is exhausted, and the 
tube B sealed up. A is connected to a glass 
membrane C attached to a pointer I), which 
sometimes carries a small mirrc'^r, .so that 
very slight movements can be detected by 
the reflection method used in mirror galva- 
nometers. The outside of the glass membrane is enclosed in a 
chamber connected to a pump and manometer. 

The bulb A, whose volume must be measured in a separate 
experiment, is raised to a constant and accurately known tempera- 


Fk. 


0 CiT ASS Spring 

'1 liNSlMlvftR 
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ture. Any difference of pressure between the inside and outside of 
the glass spring causes the glass to bend and the pointer to move. 
The pump is therefore worked until the pointer is brought back to 
the position corresponding with zero pressure difference, and the 
external pressure (which must now be equal to the internal pressure) 
read off on the manometer. The mass, volume, temperature, and 
pressure of the vapour are then all known. 

The membrane is sometimes replaced by a spiral tube of elliptical 
section, which tends to uncoil when the internal pressure is in- 
creased. With a quartz apparatus the measurements can be 
carried above the melting-point of glass. 

Valency. — Since different atoms combine with different numbers 
of hydrogen atoms, a term is needed to express this number. It is 
called the valency, and may be defined as the number of hydrogen 
atoms which combine with an atom of the element. This dchnition 
embodies a true conception of valency as representing the extent to 
which combining power may be subdivided, but is incomplete, and 
in particular fails to (‘over such examples as SHg and SFg in which 
the univalent element fluorine evokes in sulphur a higher valency 
than hydrogen does. A discussion of valency will be found in 
Chapter XL 


Equivalents 

The equivalent of an element is the number of units of weight of 
it which will combine with or replace one of the same units of weight 
of hydrogen. This definition is based on the hydrogen standard 
of atomic weights; on the oxygen standard the equivalent is the 
number of units of weight which will combine with or replace 
8 units of weight of oxygen. From this definition it is easy 
to see that the equivalent is equal to tlie atomic weight divided 
by a small integer, which will frequently be equal to the valency, but 
IS not necessarily so; a consideration of the stable compounds, 
ammonia NH3, nitrous oxide NgO, and nitric oxide NO, wnll 
illustrate this matter. 

The Gravimetric Composition of Water. — The direct determination 
of the combining weights of oxygen and hydrogen is a matter 
re{]uiring the highest experimental skill, since the weight of all 
gases, and especially of hydrogen, is so small in comparison with 
that of the vessel containing them. The determinations of Morley 
(1895) have since become classical. Morley weighed the water 
obtained by the combination of a known weight of hydrogen and 
oxygen. The combustion took place in a glass apparatus (Fig. 7) 
which could be weighed on the balance. The carefully dried and 
purified gases were contained in large weighed globes, and were ad- 
mitted to the central tube through platinum jets. During the 
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combustion an excess of oxygen was maintained, and the hydro- 
gen, ignited by a spark between the sealed-in platinum wires, burned 
quietly at the jet while the apparatus was cooled to condense the 
water prt)duce(l. Finally the apparatus was cooled in a freezing- 
mixture while the residual gas was pumped off, analysed, and 
weighed. Any water-vajxmr carried by the issuing gas was retained 

by the phosphoric oxide 
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llirough which it had to pass. 
After the removal of the gas 
the apparatus was weigla'd, 
and the weight of water calcu- 
lated by difference. A check 
on the results is jirovidcd bv 
Pliosplioric 11^11 Phosplionc the total Weight of the hydro* 

oxide ^Y\d oxygen consumed, 

since this must he ecjual, 
^ witliin the exjXTimental error, 

to the weight f)f the w\'ilcr 
produced. The result of the 
experiments was a value 
7 * 930 h for the (Hjuivalent of 
oxygen. 

The (‘qui valent ( i any 
other element can be calcu- 
lated directly from tlie lesults 
of the gravimetric analysis 
of its oxide or liydride. If 
the analysis of tliesc com- 
pounds is mconvenitmt. any 
others may be used pro\'i(led 
that they contain, in addition 
to the element whose equiva- 
lent is to be determined, only 
elements whose e(|uivalents 
are alieady knowai. An example from the w'ork of Richards will 
make this clear. Richards, wdio was Professor ol Chemistry at 
Harvard University, carried the precision of chemical analysis to 
a j)()int previously unknown, and in a crowded life determined the 
atomic weights of nearly all the important elements. In one 
well-known series ot ex|>eriments he found that loo-oou gm. of 
the purest silver yielded 132-867 gm. of silver chloride, which 
theielorc contained 32*867 gm. of chlorine. Since the equivalent 
of silver was found from other experiments to be i07-()20, the 

107*020 

equivalent ot chlorine was 32*867 X — - --=^ 3 S- 47 Q- It was also 

^ ^ ' 100*000 
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known that both silver aiul clilorine are univalent, so these niiinbers, 
107-920 and 7,5-470, reprt‘scnted their atomic weights as well as then 
ejjuivalents. 

Richards' Atomic Weight Work. — A brief account of one ol 
Jxjchards' atomic weight determinations is given in the section 
on nitrogen (p. 425). A fascinating summary of his life and work 
will be found in the Richards Menioiial Lecture (printed in th(‘ 
l(>uy}Lal of the Chemical Society, 1950), and everj-^ student should 
read, if ])os^ible, his short essay on Methods used tn Vrccisc Chemical 
J nve^ti^atioii'i, into which he condensed the extierience of a lifet ime of 
suc('t‘ssful research. A f(‘w leading princijdcs may be mentioned here. 

He begins by eni])]iasi/ing tlie importance of measuiing atomic 
w<‘ights with the utmost attiiiuable accuracy. No better exainjilc 
of this can be given than the slight variati(m from unity of the 
atomic wi'ighl of lu drogen (i-oo^V)) on the oxygen standaid; this 
variation has been made the start ing-])oint lor most im])ortaiit 
df-ductions as to the nature of the atomic nucleus (('hapier X). 
riie choice of material tor an atomic weight determination must 
be governed by the following considerations: 

(i) The com[)ound selected must be cajiable of preparation in 
a state of grx'at |)uiity. 

(li) 'I'lie other elements contained in it must be of known 
atomic weiglit. 

(ill) It must be capable of exact analysis or synthesis without 
loss of mati'ri.il. 

Of all the difficulties of such work, that of ]nirity is perhaps tlie 
most insistent. Solids separating from the vapour phase or from 
a solution always carry with them some part t)f any impurity which 
may be present, and thi; effort to tivercorne this effect led Richards 
to some of his most important improvements m method; 

(I) The use of a centrifuge or whirling machine to free crystals 
from mother liquor. 

(II) I'he study of occlusion, that is, the tendency of precipitates 
to carry down with them other substance iS present in solution. 
Evam hard, shining crystals of electrolytically precipitated 
silver were found to contain solution ennushed within 
invisible cavities in the solid. 

(iii) The bottling apparatus (illustrated on p. 42(1), in which 
substances can be heated in any desired gas or in a vacuum, 
and weighed without exposure to the air. 

The solubility of all so-called ‘ msohi])Ie ' substances in contact 
with the solutions must be carefully studied. Glass is not com- 
pletely unaffected by water, and this led to the jnesence of silica 
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in most of the f)reparations of previous workers; Richards used 
vessels made from platinum or fused quartz. If such a substance 
as silver chloride is to \)o precipitated, its solubility in water must 
be estimated and allo\\ed for; lor this p)urpose Richards d(‘vt'loped 
the nejiludomcter (p 42’/). '1 r.ices of solid are easily carried 

away when solutions are evajioiated Icr drvn(“->s, and to a\oid tfiis 
loss the conditions of evaporation must be carefully devised, and 
controlled bv blank cxjjenmcnls. Substances must b(' protc'cted 
from dust by the use of hoods and enclosed vessels, and heating 
by coal-gas, which leads to contamination by iinpunlii'S ])resent 
in the gas, must be nqilaced by electrical heating. ' Every sub- 
slauce must be assumi'd to be impure, every reaction must be 
assumed to be incomplete, every method of measiircnrait must 
be assumed to contain some constant error, until jao( i to the 
contrary can be obtained. As little as possible must be taken 
i(»r granted,' 

Actual Weight of Atoms. — To calculate the tine wf'ight of an 
atom Irom the atomic we ight we lerjuire to kiunv the weight ol an 
atom of hydrogen, or alternatively a knowdedge oi Avogadro's 
number N will do as w'ell. This constant has been calculated by a 
variety of physical methods into w'hich wv cannot enter here. 
The remaikable concordance of the lesults is showai very siukiiigly 
in the table. 


Pheno‘ttienon ob'si’ived N, 10”-* 

Brownian movcnutit : 

Distribution of particles (iQog) .... 6-oo 

Dilivisioii of particles (IQ12) ..... C>*o8 

Black body spectrum {1900) ..... 6-o^ 

Kadioactivity (counting particles, 190S) . . . 0-04 

tClectroiiic charge (1910) . . . . . . Oo^ 

Crystal structure (i92j) . . . . . , f) 02 


Some account of the measurements included under the heading 
'Browmian movement ' will be found in Chapter IX. The best value 
of N is probably (>*023x10**^^. Since a gram-molccnle of h\'drogeu 
w'eighs almost exactly 2 grams, the weight of an atom of hy drogen 
is 3 -()()X grams. 

Later Development of the Atomic Theory.— In the face of the 
evidence for the atomic structure td matter summarized in this 
chapiter and in the next, no theory^ involving :i continuous structure 
for matter could nowaday^s receive serious attention. There arc, 
how'ever, tw'o tenets of the atomic theory, as commonly accepted 
in the nineteenth century, for w’hich W'c have as yet adduced no 
evidence — the doctrines that atoms are indestruciible and that 
all atoms of the same element have the same weight. I'he hist 
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doctrine was shown to be untrue by the develo])ment of the theory 
of radioactive disintetrratioii, the second was disproved by Aston 
with the help of the inass-sjiectot^raph. The consequences of this 
d(;v(‘lopnient are further discussed under the heading of isotopes. 


SUGCd-STFT) FOR FURTHER READING 
See the slioit bihlKigi aphv on p. 50 
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THK sriiunuia: oi- atatthr 


SoIkIs, liquids, .uid Siu.ins — Ci vstals and uudcuooU'd IkiukIs — C n^stal 

aiif',](‘s -rntrinal striictuic (d tr^slals- Laiw's ('xpcr iiiv’nt — ioni/atioii in 
crvslals - Methods of striudural analysis — ('rystal stnirlurcs - - lonii' 
di.niK'lers -Lujind c rvstal'> (jAsj-s — Knu tic tlu-oi v ot pasrs —1 )istrjl)iition 

()l moll ( lilar v( loi itu^s — Ivnuln* tlieorv and llie f^tis ]avv\s Iiiqurfect 
I^Msi's JacjiudaclKai of {^ascs- Diltusion — iJalton's law (d paiti.d piessures 
- 'J iierrnal (oudiu livit v Sjua du heats — \ iseositv lar)rir)S — I’nre 
liquids — Mokeiilni weight and assoLiation — '1 lie ])arai lioi— (_ haractcrislics 
of assoi ia)(‘d liquids - I'llins ni polar inoleiai]e-> 


Solids, Liquids, and Gases. — In tins cha}>ter wc shall consider 
the solid, liquid, and gaseous states of matter from the [loiiit of 
view of structure rather than of chemical beliaviour. Though 
most of the ex])crnnents on which our knowledge of this part of 
science is based have been made by physudsts, an ai (juainl.incc 
with their results is of the highest importance to dienii'-t-. upon 
many of whose probknus they have cast new light. \V(‘ saw in 
the prt‘vious chapter liow es^ontial a part th(‘ study ol g.ises played 
m the beginnings of the atomic and molecular tlu'ories. This 
study has bt‘en jnirsued continuously since the eiglitetnih century 
and is still yielding valuable results, but the pec uliar contribution 
of the prescMit century to these theories, apart Irom the jdienomena 
of radioactivity, has been derived from the study of crysialline 
solids, ('ompared with our knowledge of gases and solids, our 
ideas of tlie lujuid state are still very vague, and jirogit'ss is still 
slow. In the solid the atoms or molecules are hehl strictly m 
position by the cohesive forces between tliem, and the c'onsecjiicnt 
regular arrangement ('an be observed. In gases the molecules are 
separated by distances over which the attractiv(‘ iorces are scarcely 
o])crativc, but the number of molecules is so great that the complete 
disorder in which they move can be investigated with high accuracy 
by statistical methods. In liquids, on the other hand, the ccdiesive 
forces arc insufficiently strong to maintain a i (Aguiar arrangement 
of molecules iii the interior of the substance, but are strong enough 
to prevent any ra])id escape of molecules from the surface. Our 
ignorance of the laws that govern these cohesive forces has left us 
very much in the dark as to the nature of the liquid state, though 
of surface phenomena we now have some slight knowledge. 

8o 
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Crystals and Undercooled Liquids. — Tht- large majority ol solids, 
whether natural or artilicial, are dehnitely crystalline: that is to 
say, they are either of regular shape or can be resolved into smaller 
(if necessary, microscopic) p^articles of regular shape. Such sub- 
stances as glass or resin which show no regular structure are not 
true solids, but undercoolcd li(|uids; that is, liquids in course of 
crystallization so slow that over ordinary periods of time it cannot 
be observed. The condition of an undercoolcd liquid is then, strictly 
speaking, unstable, and is liable to change spontaneously into the 
crystalline condition. This is well seen in old soda glass, which on 
strong heating sometimes ‘ devitrifies,’ and in a few seconds becomes 
a mass of small crystals no longer fluid at that temperature. 



Crystal Angles. — 'I'lic studv ot cry.stals is as old as the study of 
science, and for many years we have been m possession of accurate 
measurements of the regular shapes in which crystalline substances 
occur. Natural crystals are seldom perfectly regular, but by 
cleavage oi s])litting they can be rediici'd to perfect forms of the 
same sha]X" though not necessarily of the same size. The diagram 
(Fig. 8) shows some perfect crystals. The same cluanical individual 
alwa^'s crystallizes in the same shape.s, the majority having only 


one crystalline form, others two 
or more. Crystalline form is not x. 

examined by measuring the lengths \ 

of the edges, but by mea.suring the t A 

angles between the laces; in this r 

way a description of the form of the Movmg arm Crystal 
crystal can be given whu h i^ quite 

independent of size. Contac, (.oniomku..k 

The instrument witli which the angles are measured is called 


a goniometer. In the old or contact form ol the instrument the 
ciystal was held between a rigid plate and a rotating arm moving 
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over a scale graduated in degrees. In modern instruments we 
measure the angle through which the crystal must be turned to 
bring into a telescope the same ray of light reflected from the faces 
in turn. By a succession of such measurements the angles between 
all the faces can be found. These angles are the same for similar 
crystals of the same substance, but it is usually more convenient 
to record the ratios of the intercepts which planes parallel to the 
faces would make on three axes in space. Axes are usually taken 
parallel to three prominent edges of the crystal ; they need not be 

at right angles, but they 
must meet at a point. 
In the diagraia (Fig. lo) 
OX, OY, and OZ have 
been taken as axes, and 
a plane has been drawn 
making intercepts OA, 
OB, and OC on these 
axes. If the plane DEF, 
making intercepts 01), 
OE, and OF, is parallel 
to the plane ABC, it 
follows from simple geo- 
metry that the ratio 
OA : OB : OC is equal to 
Fir, lo. Intercepts on Axes ratio 01) : OE : Oh. 

Further, the ratio can 
be simplified by making any one of the intercepts equal to unity 
and altering the others in proportion. Since similarity of crys- 
talline form means neither more nor less than ]^arallelism of the 
faces when the crystals are in corresponding positions, it follows 
that crystalline form can be recorded by a set of such ratios, though 
not every pair of similar crystals may have all the corresponding 
faces present. Alteration of the relative sizes of the faces may 
produce great differences in appearance in a pair of similar crystals, 
but the goniometer brings these differences into coincidence. It 
is also found that for the same crystal and the same axes the 
intercept ratios of the different faces bear simple relations to 
each other. With the help of these relationships crystals have 
been divided into a number of systems expressing differences of 
form, such as the cubic, the rhomhohedral, the triclinic, the mono- 
clinic. This classification is still necessary to the worker in this 
held, but since the discovery of X-ray methods of crystal analysis 
it has become more useful to concentrate attention on the more 
intimate structures which the crystal has been made to reveal. 
Internal Stiucture of Crystals. — Many years ago it w'as surmised 
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that the external regularity of crystals was due to a regular internal 
arrangement of minute structural units often compared to bricks, 
and by some it was supposed that these structural units were no 
other than molecules. These ideas were developed by the Abpi: 
Hauy (1743-1822), who showed them to be in accordance with 
the known properties of crystals. The units need not have plane 
faces like bricks; they may also be thought of as spheres in regular 
arrangement such as exists in a pile of cannon-balls. These views 
found general acceptance, but it was scarcely possible, except in 
the vaguest terms, to discuss the relation between the shape of 
the molecule and the shape of the crystal until a historic experiment 
suggested by Laue began a new era in crystallography. 

With the investigation of radioactivity and the elucidation of 
atomic number this ranks among the greatest advances of twentieth- 
century chemistry, and of these advances two were made with 
X-rays. Scientific progress is cumulative; every advance in pure 
science is valuable not only in itself but in the assistance it gives 
to other branches. 

From 1895, when X-rays were discovered by Rontgen, evidence 
had been slowly collected that X-rays were radiation differing 
from light only in their very much smaller wave-length. Attempts 
had been made to measure this wave-length by means of diffraction, 
a method familiar to students of physics, but the finest slits which 
could be constructed were found to be too wide for the purpose. 
Improvements were made in technique, and in the spring of 1912 
SoMMEKFELD was able to estimate the wave-length to be of the 
order of 4 X io~^ cm., a result not very far from the truth. 

Laue^s Experiment. — In the same year it occurred to Laue that 
since the wave-length of X-rays appeared to be rather less than 
the distance to be expected between the structural units of a 
crystal, it should be possible to obtain a diffraction pattern by 
passing a beam of X-rays through a thin crystal section. The 
experiment was carried out according to his suggestions by Fried- 
rich and Knipping at Munich and was a brilliant success. The 
photographic plate on which the X-rays were allowed to impinge 
after passing through the crystal was found to be covered with a 
symmetrical arrangement of spots about a large central patch due 
to the undeviated part of the X-ray beam. This experiment had 
two results of the greatest importance: on the one hand it made 
it possible to calculate with ease and precision the wave-length of 
any given beam of X-rays, on the other it was the beginning of 
our definite knowledge of the internal structure of crystals. Fig. ii 
shows Laue photographs of beryl {3BeO, AI2O3, bSiO^) and nickel 
sul])hatc. 

Since 1912 the photographic method of Laue has been supplemented 
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and to some extent replaced by other methods. We shall first 
discuss the theoretical basis of the reflection method developed 
bv Siu William BiiACG and his son, now Sin La whence Bragg 



By permissston oj Sir William Bragg and the Ri)ya! Society 
Img. II. Laue Photographs. Berve, Nickel Sulphate 


Consider a beam of X-rays all of the same wave-len|:^th (and licence 
called monochromatic by analogy with light) reflected from a 
crystal, bounded by the jilane LM, in which the structural units 
form layers PQ, RS, etc. Let A and B be two parallel rays in tlie 
beam, meeting LM and PQ at V and X respectively, where \'X is 
normal to the surface, and let 0 be the glancing angle (the com]flt^- 
ment of the angle of incidence of optics), and let the distance VX, 
that is, the distance between the layers, which are evenly sjiriced, 



be denoted by d. Then the waves in the reflected ray D will lag 
behind the waves in the reflected ray C by the extra distance whicli 
the ray B has had to travel, that is, by the distance XY-f-XZ, 
VY and VZ being perpendicular to B and D respectively. Since 
the angle YVX and the angle ZVX are both equal to 0, this distance 
amounts to 2d sin 0. If this distance is equal to any whole number 
of wave-lengths, the rays C and 1) will form part of a blight beam 
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of X-ra3^s, but if it is not, the difference in phase between parallel 
rays will produce ‘ darkness.' The reflected X-ra^'s arc therefore 
collected in a number of narrow beams over a blank held, and this 
is tlie explanation of the dark spots in the Lane photographs, 
each dark s[)ot o]i the nep^ative corresponding with an X-ray beam. 
It is clearly immaterial whether the X-rays are reflected Irom the 
surface layers or are pa.sscd through a thin crystal section; m 
either case the angle 0 which a ray producing a bright beam forms 
with the internal la^^ers must obey the e(iuation nX -zd sin 0, 
where n is a whole number and A the wave-length; d can then be 
calculated irom A and 0 . 


• No, 
O Cl 


Fig 13. The Spructuke of Sodium Chloride 



Among the earlie.st crystals to be investigated were the isomor- 
phous sodium and potassium chlorides. It was found that the 
crystal of sodium cliloride, which is cubic, contained three sets 
of parallel layers at right angles to each other, each layer being 
separated from its neighbours by 5*63 x lO"® cm. The volume of 
the cubes contained between these layers was therefore (5*63 x 
= 178 X 10 c.c. Since the density of sodium chloride is 2-17 grn. 
per c.c. the mass contained in this unit cube was 2-17 x 178 X 10“-^- 
gm. --3*87 X gm. The molecular weight of sodium chloride 

is 58-5, tind the mass of the hydrogen atom 1-66 xio"-^ gm., so 
the mass of a molecule of sodium chloride is 0-973 x lo~^2 


The unit cube therefore contains 


3-87 x io ~-^ _ 
0*973 X i0”^~ ^ 


molecules 


of 


sodium chloride. Similar results can be obtained for potassium 


chloride. It remains to be seen how these molecules or atoms 


are to be arranged within the cube. 

It is known that the absorption of X-rays by matter is roughly 
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proportional, for equal numbers of atoms, to the atomic number: 
it is therefore not unreasonable to suppose that the reflection of 
X-rays varies in a like manner. By a study of the intensity of 
the reflected beams it is then possible to place the atoms with 
some certainty: for in potassium chloride the atomic numbers of 
the two atoms are very roughly equal, whereas in sodium chloride 
they differ considerably. The structure of the unit cube arrived 
at in this way is shown in Fig. 13, t he black dots representing sodium 
(or potassium) atoms, the white ones chlorine atoms. 

Several interesting points are at once obvious in the diagram. 
In the first place, it appears to contain 27 atoms, whereas the unit 
cube contains only four molecules, or eight atoms. It must, how- 
ever, be remembered that the unit rep)rcsented is only one of a 
number of contiguous cubes. The corner atoms are to be shared 
between eight cubes, and therefore count only one-eighth eacli, 
the atoms on the edges count one-quarter, and the atoms on the 
centres of the faces count one - half. In the second place, the 
molecule has disappeared: there remain only atoms. Each chlorine 
atom has six sodium atoms for its nearest neighbours, but as they 
are equidistant it is no more closely connected with any one than 
with an}^ other, and each sodium atom is surrounded by six chlorine 
atoms. This can be most clearly seen at the cential sodium 
atom; for the others the contiguous cubes must not be forgotten. 
Indeed in all questions of crystal structure it is highly inqiortant, 
when drawing any conclusions from a diagram of tlie crystal unit, 
to remember that it is one of a series extending in three dimensions. 

Ionization in Crystals. — The question inevitably arises: Are we 
expected to believe that the atoms of sodium and chlorine thus 
brought into very close companionship are the same atoms to which 
in the elementary state such violent affinity for each other is attri- 
buted? And how can a regular arrangement of sodium and t hlorine 
atoms in space constitute a compound whose proj^erties in no way 
resemble those of its elements? The answers to these ([uestions 
cannot be fully understood till the modern electron theory of 
chemical combination has been discussed, but in tlu* mecintime it 
may be stated that independent studies of the physical jiroperties 
of salt crystals have conclusively proved that the particles present in 
the crystal structure are not atoms such as exist in the element 
but bodies called ion$, consisting of sodium and chlorine atcuns 
whose chemical properties have been entirely altered by the exchange 
of an electric charge. It is these acquired electric charges that 
hold the ions in position in the crystal structure; the negatively- 
charged chlorine ion is securely held in place by the six positively- 
charged sodium ions which surround it. 

Methods of Structural Analysis. — We may now briefly describe 
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the principal methods by which these results are achieved. In 
the Laue method the monochromatic X-rays, narrowed to a fine 
pencil by passage through a lead diaphragm, pass througli a thin 
slice of the crystal and are received on a photographic ])late on which 
the central undeviated ray falls normally. The l^raggs altered 
this method in two particulars: they reflected the rays from the 
crystal, which was mounted on a turntable, and they determined 
the angles at which intense reflection occurred by passing the re- 
flected ray into an ionization chamber. X-rays have the property 



of causing gaseous molecules to dissociate into oppositely-charged 
atoms, or ions, whose presence can be detected by an electrometer 
connected to plates in the ionization chamber. The whole appa- 
ratus recalls a spectrometer, in which the source of monochromatic 
light is the X-ray tube, while the diffraction grating is the crystal, 
and the place of the telescope is taken by the ionization chamber ; 
it is in fact called an X-ray spectrometer (Fig. 14). 

The application of the original methods of Laue and Bragg was 
limited to .substances which could be obtained in crystals of reason- 
ably large size. In a third method, independently proposed b\' 
Hull and by Dehye and Schekrer, this is no longer necessary, 
the place of the single crystal being taken by a powdery mass of 
small crystals, through which a beam of X-rays is passed according 
tc) the Laue method. The crystallographic axes of these small 
crystals, and consequently their lattice planes, are inclined at all 
possible angles to the incident beam, but since, for the reasons 
discussed in the explanation of the reflection method, thi' beam 
can only be deviated through certain specified angles, a series of 
concentric circles is registered on the pliotographic i)late, and by 
measurement of their radii and intensities the necessary deductions 

D 
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can be made. The discovery of the powder method has greatly 
increased the usefulness of X-ray analysis. 

So definite and so accurate are the deductions from these methods, 
particularly the first two, that the wave-length of monochromatic 
X-rays is now usually determined by measurements on a crystalline 
substance whose lattice dimensions are known. On the other 
luind there are still many difficulties to be overcome, partly tecluiical 
and partly systematic. Some crystal structures, particularly of 
organic substances, are so complicated that their elucidation is 
at present difficult, and hydrogen atoms — almost constantly 
present in organic compounds — are particularly difficult to place, 
on account of their small mass and consequent feeble power of 
reflecting X-ra^^s. We shall briefly consider a few of the more 
interesting structures which X-ray analysis has revealed. 

Crystal Structures. — All the alkali mono-halides have the sodium 

Q chloride struct uie except the 

^ chloride, bromide, and iodide 

\ ^ heaviest member, 

0~ V — ^ caesium, which have what is 

\/ called a ‘ body - cent red * 

cubic lattice (Eig. 15) instead 
Y of the lattice already illus- 

trated in Fig. 13. The 

Yy Y different types of lattice found 

Y among the alkali-metal halides 

Y can be attributed to the 

Fig. 15. Thk Structure of Caesium different radii of the alknli- 
Chloridf, CsCl metal 10ns. Every ion tends to 

surround itself with as many 
ions as possible of opposite sign, and to place itself as far as possible 
from ions of like sign. If the ions are of like sixe, as in cai^siiim 
chloride, the stablest structure is the body-centred cube, in wliicli 
each ion is surrounded by eight others of opposite sign and eight 
others of the same sign. The ions of opposite sign are, however, 
closer to it than the others, the ratio of the distances being y^ 3 : 2 
or 0-87 : 1. If one ion is much larger than the other, as in sodium 
chloride, this structure brings ions of like sign too close together, 
and is replaced by another, depicted in Fig. 13, in which each ion 
is surrounded by only six of unlike sign (and twelve of like sign), 
but in which the ratio of the distance between adjacent tinlikc ions 
to the distance between adjacent like ions is farther from unity, 
namely i : \'2 or 0-71 : i. 

One of the most interesting crystals from the structural as well 
as other points of view is the diamond. This structure (hdg. lO) 
bears out in the most striking way the tetrahedral arrangement of 
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the valencies of carbon long since postulated by Van't Hoff to 
account for the stereochemical properties of organic compounds. It 


is also interesting to note 
how six-atom rings, w'hich 
are familiar in organic 
chemistry, appear in 
the crystal structure of 
carbon. The well - known 
hardness of the diamond is 
no doubt to be attributed to 
the mechanical efficiency of 
this isotropic structure, and 
may well be contrasted 
with the softness of gra- 
])hite, illustrated in Fig. 17. 
In tliis modification of car- 
bon the atoms arc arranged — 
in hexagons — in c o m - 
paratively widely - spaced 



] llanos. The consequence is 
that graphite combines 


I'nr: S i ur cture of the 


tenacity in one direction with weak’ ness in another. The connection 



between the jilar.es is so weak 
that they slide readily one on 
another, while the close arrange- 
ment within them iriakes them 
difficult to dismember. It is to 
these circumstances that the 
lubricating qualities of graphite 
are due. 

Once more we see that the 
simple chemical molecule has 
vanished: a diamond is one 
immense molecule, since it is 
nowhere possible to find any 
group of atoms isolated from the 
rest. It is only when we come to 
review^ the structure of organic 
crystals that w^e find the identity 
of the molecule preserved. 

The structures of diamond and 


Fig. 17. Tiik Structure of graphite show^ that in this case 
Graphite at least the occurrence of allotropy 

can be attributed to the stability of alternative crystal arrangements. 
The same is true of iron, whose a, p, and 6 modiifications crystallize 
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in the body-centred cube arrangement, while the y variety is in 
face-centred cubes. On the other hand, no change in structure has 
been detected in the transformation from the a to the j8 variety. 
This involves a change from a magnetic to a non-magnetic material, 
and there is other evidence to show that considerations of civstal 

structure will probably never be 
Q sufficient to account for all the 
^ known cases of allotropy, even 
® F among crystalline substances. 

Some progress has been made 
in the correlation of optical 
activity with crystal structure. 
Thus the optically active pro- 
perties of a- and ^-quartz arc 
probably to be ascribed to the 
presence of oxygen atoms 
Fig. 1 8 Tiie Stkuctuiik ok Calcium ^Arranged in spirals, which may 
Fluoride, CaFj be either right- or left-handed. 

The very complicated structures 
of the silicates have also been investigated; in these the predomi- 
nating factor is the arrangement of the oxygen atoms, whicii 
appear to occupy a volume out of proportion to their iiumbei. 
The other atoms lie within the interstices of the oxygen framework. 

Another type of structure is presented by fluorspar, calcium 
fluoride, CaFg (Fig. iS). 

Peculiar interest attaches to the structure of ammonium chlonde, 
in which the identity of the 
compound radical is clearly 
brought out (Fig. 19). 

The investigation of alloys 
has also yielded instructive 
results. When the two ele- 
ments forming a binary 
alloy crystallize in the same 
structure, it is usual to 
find that the atoms of one 
can be replaced step by 
step by the atoms of the 
other; this is the case when 
the metals form alloys in 
all proportions, and is particularly likely to occur when then 
atoms are of similar weight. If the elements crystallize in 
different structures, the structure of one is preserved until a 
certain critical concentration of the other is reached: the struc- 
ture then changes abruptly. In mixed crystals too—a class of 
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substances characterized by the possibility of variation in the 
proportions of the constituent compounds — similar ions can take 
each other’s places at random in the lattice. The formation of 
mixed crystals is usually confined to substances of similar crystalline 
form. Such substances are called isomorphous, and it is often 
found that the corresponding compounds of similar elements are 
isomorphous, e.g. many sulpluites and chromates. Isomorphism 
depends less, however, 011 valency than on the similarity of com- 
pleted electron sIh'IIs (Chapter XI), e.g. calcium fluoride, CaF.^, 
is isomorjihous with sodium sulpliide, NagS, the electron shells 
of the calcium and sulphide ions, on the one hand, and of the 
fiiionde and sodium ions, on the other, being identical. 

'I'he determination of flic crystal structure of organic substances 
is made difficult by the large number of atoms present in the crystal 
unit. In these substances the molecule is preserved, and it is not 
unusual to find that the crystal unit contains two, three, or four 
molecules. The molecules themselves are electrically neutral, and 
they probably kec]i their ] daces by reason of th(' interaction of the 
unsyinnictrical fields of force in the molecule. Work on benzene 
and naphthalene confirms the structures assigned to these com- 
pounds on chemical grounds. The structure of the fatty acids 
deduced from X-ray analysis fully confirms the evidence of their 
physical properties, 'fhese acids, wdiose general formula is 
CH:,.(CH.^)„.rOOH, are arranged in double layers in wduch the 
COOll groups all point inwards, while the methyl groups point 
outwards. Since almost the whole of the chemical activity of the 
molecule is concentrated in the COOH group, it is not surprising 
that in the crystal these groups should be found closely connected. 
The direction of the long chains appears not to be at right angles 
to the ])lancs in which the COOH groups lie, but it is possible to 
calculate the length of the chain and hence to form an estimate of 
the extra length required for each CHg. 

While it may be doubted whether, even with its present highly 
develofied technique of calculation, X-ray analysis w’lll ever replace 
the traditional methods of organic chemistry, the situation has 
often arisen in which the older science can only with extreme 
difhculty distinguish between the few alternative structures to 
which it has reduced a problem. It is then that the X-ray method 
may prove decisive. 

The Packing of Crystals. — The knowledge gained from X-ray 
anatysis of solids has enabled us to discern the principles governing 
the packing of the units out of wdiich the crystalline solid is built. 
If a number of equal spheres are packed into a given space as 
densely as possible it will be found that every sphere is symmetrically 
surrounded by and in contact wath twelve others. This arrangement 
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of close-packing is typical of the majority of the metals, al- 
though the alkali metals show the slightly less dense packing of 
eight atoms symmetrically in contact with any one atom, their 
cubic structure resembling that of caesium chloride shown in 
Fig. 15, p. 88. The chief influences causing a reduction in the 
density of packing are (i) the crystal is composed of unlike units of 
different sizes, (2) the effect of ionic charges in crystals composed of 
10ns, (3) the presence ot directed valencies. Of these (i) and (2) are 
purely geometrical or electrostatic in origin. The comparatively 
open packing in diamond (Fig. 16, p. 89), in which there are only 
4, tetrahedrally-disposcd, nearest neighbours to any one atom, is 
entirely attributable to the strong tetrahedrally-directed valencies 
of carbon: the hardness and low compressibility of diamond being 
ensured in spite of the open packing, by the strength of the bonds 
between atoms. It has become customary to use the term ‘ co- 
ordination ' in describing the type of packing in terms of nearest 
neighbours. Thus the alkali metals show 8-co-ordination, sodium 
chloride and very many other ionic crystals 6-co-ordination, while 
diamond exhibits 4-co-ordination. The types of co-ordination 
occurring in crystals correspond only to the numerals 12 (close- 
packing), 8, 6, 4, 3, and 2. A crystal composed of unequal numbers 
of unlike units, such as calcium fluoride CaFg, must contain a double 
co-ordination, in this case 8 : 4 co-ordination, implying that every 
fluorine ion F“ has 4 calcium ions Ca+‘*’ as its closest neighbouis. 
but every €3++ ion is immediately surrounded by 8 fluorine ions, 
as a careful inspection of Fig. 18, p. qo will show. In this usage 
the term co-ordination has a purely geometrical meaning, which 
must not be confused with the chemical meaning given to this word 
in respect of a certain type of valency (p. 345). 

Ionic Diameters. — Numerous attempts have been made to 
calculate the dimensions of the ions by supposing them to be rigid 
spheres in contact in the crystal. The results of these calculations 
lead to values for the ionic diameters roughly in agreement with 
those calculated by other methods, but to obtain closely concordant 
values it is necessary to restrict the comparison to salts of the 
same type. That differences should arise is not surj^nsing, since 
there is nothing to show that the atoms or ions are rigid sj)heres, 
and what we know of the distribution of their fields of foice in 
space does not lead us to suppose that they are either .symmetrical 
or unyielding. It is probable that the atom has no definite size, 
but adapts itself to the exigencies of the structure in which it finds 
itself. Current estimates of atomic and ionic radii have, however, 
been of use in pointing the way to the probable interpretation of the 
X-ray data for new substances. The following are some of the 
values, expressed in units of io~® cm : 
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Li 

1-52 

Na I -86 

K 2-31 

NH4+ 

1-43 



Li+ 

078 

Na^- 0*98 

K+ 1-33 

0- 

1*40 

F- 

1-33 

C 

077 

Si 1*17 

N 073 

0 

074 

F 

072 


Liquid Crystals. — Before leaving the subject of crystal structure 
we must refer to the so-called ‘ liquid crystals.' Some organic 
substances (e.g. para-azoxyanisole) on melting pass into a form 
with the fluichty of a liquid but some of the optical properties of 
a crystal. This peculiarity disappears when the temperature is 
raised above a certain limit, and a normal liquid is produced. 
Liquid crystals share with true crystals the phenomenon of aniso- 
tropy, that is to say, their physical properties (such as refractive 
index) depend on the direction in which they are measured. This 
phenomenon is never showm by true liquids. Some liquid crystals, 
such as ammonium oleate, when melted in small quantities on a 
horizontal surface, form drops whose sides are not curvilinear but 
arranged in small regular steps which can be made to slide one over 
the other. 

The explanation of these curious properties is probably as follows. 
Substances known to form liquid crystals are presumed to have 
long molecules in which the chemical activity is vci^^ unevenly 
distributed and is chiefly concentrated at certain points. These 
molecules even in the liquid state tend to set themselves with their 
axes parallel, and it is this arr.mgement which simulates the appear- 
ance of crystalline form. The anisotrofiy of such substances as 
stretched rubber can also be brought out by X-ray analysis; sub- 
stances in such a condition must contain a rudimentary form of 
crystalline structure. 


Gases 

Kinetic Theory of Gases. — We have shown in Chapter I how the 
study of gases led to Avogadro's hypothesis and the importance 
of this study for the detemiination of atomic weights. Since the 
time of Avogadro our ideas of the gaseous state have been extended 
by the development of the kinetic theory, chiefly due to Ci.erk 
Maxwet.l, Clausius, Boltzmann and Van per Waals. This 
theory is a corollary of the kinetic theory of heat, according to 
which the heat energy of a substance, whether solid, liquid, or 
gaseous, consists of the kinetic energy of the random motions of 
its particles. Absolute temperature is taken to be a measure of 
the average kinetic energy of the particles. The atomic and 
molecular theories allow these particles to be identified with mole- 
cules, for substances in a gaseous state, and the kinetic theory of 
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gases is based on a statistical study of the magnitude and direction 
of the molecular velocities. 

Tlie molecules are assumed, for purposes of calculation, to be 
spheres, and we must also suppose them to be perfec‘tly elastic, 
siiK'e b\^ the T.aiu of ihe C onservation of Energy no energy can be 
lost in the frequt'nt collisions between molecules. These collisions 
will cause tlie velocity and direction of a molecule to suffer frecpient 
and \aolent changes, so that its rate of progress through the gas 
is comparatively slow, in sjutc of the very high velocity ol molecular 
movements. I'hus at the mean speed of a hydrogen molecule 
is about 1*6 km. per second, but in each second it suffers about 
collisions with other molecules, so that the average distance travelled 
in a second, measured in a straight line, is less than i cm. 

Distribution of Molecular Velocities. — On account of these abrupt 
changes of velocity the speed of any selected molecule at a given 

moment may have any 
f ^ value from zero up to a 

G 'o value several times the 

mean velocity. The 
distribution of the 
velocities is illu.^t rated 
in the diagram, in 
which the possible 
values of the velocity 
are plotted on the hori- 
zontal axis while the 
A^ertical axis represents 
the number of mole- 
cules per c.c. which 
I'lo 20. Disi KiBCTioN OF Velociiy AMONG Gas are moving with that 
Molkcl'gj.s velocity at a given 

moment. The point M 

marks the mean velocity, and it will be seen that molecules with 
a velocity in the neighbourhood of the mean are very much mon* 
numerous than molecules wath very small or very great velocities. 
The form of the curve was worked out by Maxwell with the help of 
the laws of probability. 

Kinetic Theory and the Gas Laws. — It can be shown that Ihe 
simple laws governing the effect of temperature and pressure on 
the volume of a gas are in accordance with the postulatt's of the 
kinetic theory. In the calculations we shall use not the mean 
velocity but the root-mean-square velocity, that is, the square root 
of the arithmetical mean of the squares of the velocities of all th(' 
molecules at a given instant, and we shall assume that all the 
molecules are moving with this velocity. Eor a proof that this 
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assumption is legitimate we must refer the student to one of the 
larger textbooks of physics, but in passing we may point out 
that it does not affect the total kinetic energy of the molecules, 
which is a function of the sum of the squares of their velocities. 

Consider a gas confined at a temperature of T° Abs. and a pressure 
/) in a cube of side Let the mean square velocity of the molecules 
at this temperature be u, and let thc^se velocities be resolved into 
velocities Uy, and parallel to three sides of the cube meeting 
in a point. Then by solid geometry 

Consider the component Uj. along the % axis. A molecule moving 
parallel to the x axis with velocity Uj. will strike the yz wall of the 
u 

cube ^ times per unit of time. Since it leaves the wall with an 
a 

equal but opposite velocitv the change of momentum at each 
impact is 2 mu^, where m is the mass of the molecule, and the 

change of momentum per unit of time is The 

° a a 

change of momentum per unit of time in all directions is then 

2;;/. „ , „ , 2, 2nnr 2 muhi . . 

^ ^ - per molecule, or — ^ - it there are n 

molecules in the cube. Now these molecular impacts are the cause 
of the ])ressure exerted on the walls. The rate of change of momen- 

turn, which has the dimensions of a force, is — - divided over 


the six w’alls of the cube, of combined area 6a*, or per unit 

3a3 ^ 

area. This force per unit area is equal to the pressure p, whence 
p= g . But is the volume of the gas (say F), and w'e have 
agreed that the absolute temperature T is to be proportional to the 
kinetic energy of the particles Hence 
pV 

^ —constant or pV—RT, where i? is a constant. 


The value of the constant R depends on the mass of gas which is 
taken; in numerical calculations it is best to remember that at 
0° C. and 760 mm. pressure the molecular w^eight of a (perfect) gas 
expressed in grams occupies 22-41 litres. In heat units this brings 
the value of R to 1-99 calories per Centigrade degree, per gram- 
molecule. 

This relation combines the laws usually called by the names of 
CH.MtLES and Boyle, expressing respectively the effect of tempera- 
ture and pressure on the volume of a gas. It is, however, found in 

*j) 
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practice to be only approximately correct, and for gases in the 
neighbourhood of their boiling - points considerable differences 
arise. A hypothetical gas which exactly obeys the simple gas law 
is called a perfect gas, and in calculations where high accuracy 
is not required this convention is a very useful one. Hydrogen 
and nitrogen approach most nearly to the behaviour of perfect 
or * ideal ' gases, and for this reason are used in gas thermometers. 

Imperfect Gases. — The first successful attempt to give mathe- 
matical expression to the imperfections of real gases was made 
by van der Waals, who pointed out two sources of inaccuracy in 
the simple form of the calculation: 

1. The volume V must be reduced by an amount b to allow 
for the space occupied by the molecules, which according to the 

1 • ^ 
theory is 

2 . In the interior of the gas the attractive forces between the 
molecules operate in all directions and therefore cancel out, but at 
the surface of the containing vessel, or at the manometer, where 
the pressure is actually measured, the attractive force of the 
molecules operates inwards and is unbalanced from the outside. 
This drag manifests itself as a reduction in the pressure, and is 
proportional both to the number of molecules on the surface of the 
gas on which the attraction is working and to the number of mole- 
cules behind them to which the force is due. Both these are pro- 
portional to the density of the gas, which, for a given mass of gas, 
is inversely proportional to the volume, so a term inversely pro- 
portional to the square of the volume, say where a is a constant, 
must be added to the pressure in the simple gas equation. 

The equation therefore becomes: 

(p+-^) XT. 

where a and h are constants specific for each gas, calculated from 
the observed variation of pV with pressure and temperature. 

Expanded, this becomes: 

pv-pb+^-=Rr, 

neglecting the small product of the corrections. Since both a 
and b are positive, the variations from constancy of pV may take 
either a positive or negative direction, according to the conditions. 
The nature of these variations does indeed vary from gas to gas. 
The diagram (Fig. 2i) shows pV plotted against p in atmospheres 
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from Amagat's results. Whereas hydrogen at o® C. shows a 
continual increase in pV with pressure, nitrogen at 0° C. shows a 
slight minimum, and ethylene at 100® C. a pronounced minimum. 
Other gases, such as carbon dioxide, with comparatively high 
boiling-points, resemble ethylene in their behaviour. 



J'jG 11 Vakiations from Boyle’s Law 


Liquefaction of Gases. — These deviations from the basic laws of 
ideal gases have important practical applications to the liquefaction 
of gases and tho, working of refrigerators. Since pV is approximately 
equal to RT, and T is proportional to the kinetic energy of the 
molecules, any change in pV must involve a change in the kinetic 
(Miergy of the molecules. If such a change in pV takes place on free 
expansion of the gas, the excess or deficit in kinetic energy must 
be derived from a spontaneous change in the temperature of the 
gas. That this does actually happen was shown by the celebrated 
JouLE-TnoMSON 'porous plug' experiment. A gas was allowed 
to flow slowly through a porous partition from a region of high 
pressuie to a region of low pressure and the small change in tem- 
perature was observed. In this and other experiments it was 
found that most gases (hydrogen was an exception) showed cooling 
under these conditions, whereas hydrogen grew slightly warmer. 
Since the experiments were made at not very high pressures, the 
results confirm those shown in the diagram. For most gases at 
moderate pressures, pV decreases with increasing pressure and 
therefore increases on expansion: the energy required for the 
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increase must come from the thermal energy of the gas, whose tem- 
perature therefore falls. At lower temperatures the exceptional 
behaviour of hydrogen disappears, and it suffers cooling like other 
gases. 

The cooling of gases on free expansion is put to use in liquefaction 
plants. The gas is first compressed in a pump to some 200 atmo- 
spheres, and is then 
passed through a 
cooling coil where 
the heat produced 
in compressi( >11 is 
absorbed From 
the cooler the gas 
passes to a vvell- 
insulated coil sur- 
rounded by the 
return current of 
cold gas. The object 
of this coil, which is 
usually very long, 
is to iDring the gas 
inside and out to 
nearly the same 
temperature. It is 
therefore made of copper and is often double, the entering gas being 
inside and the issuing gas outside. At the bottom of the coil is the 
jet at which free expansion takes place, and after the plant has been 
running for some time drops of liquid collect in the receiver. 

A modification of the process is necessary if hydrogen is to be 
liquefied, since at loom temperature hydrogen is not cooled by free 
expansion, but, on the contrary, slightly warmed. Below —80*^ 
cooling takes place, and hydrogen is therefore cooled to well below^ 
this temperature with liquid air before it is admitted to the 
expansion plant. 

Difhision. — Gkaham’s Law of Diffusion is an interesting confirma- 
tion of the kinetic theory of gases which in recent years has been 
put to use in the s(‘paration of isotopes (p. 319). Graham found 
that the rate at which gases at equal temperatures and pressiius 
diffused through small orifices was inversely proportional to the 
square root of their densities. We know from Avogadro's hypo- 
the.sis that under these conditions the density is proportional to 
the molecular weight, so that molecular weights can be written 
instead of densities in Graham’s law. Thus oxygen, with ne^irly 
sixteen times the mok'cular weight of hydrogen, diffuses only one- 
quarter as fast. The explanation is as follows. The mean s<juare 
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velocity is connected with the absolute temperature by the relation 

“ — ~~pV~-RT already deduced. The mean square velocity is 

therefore inversely proportional to the square root of the molecular 
weight. Now the rate of diffusion depends on the number of 
molecules which strike one of the small orifices (c.g. the pores of 
meerschaum) in unit time, and this must be proportional to the 
velocity, or inversely proportional to the square root of the 
molecular weight. 

Dalton’s Law of Partial Pressures. — In such experiments as these 
the gases may be in the same vessel at the same time without 
disturbing the relationships, provided that their partial pressures 
are considered, and not the total gas pressure. The partial i)ressure 
of the gas is the pres- 
sure which it would 
exert if it alone filled 
the space in which the 
in i xt u re is conlined . 
file total pressure is 
the sum of the parii.d 
pressures (DAi/rcnN's 
La7c>), and this ob- 
viously follows from 
tile kinetic theory, but 
experiment sometimes 
reveals differences 
when the gases under 
consideration are those 
whose behaviour under 
changes of tcmpeia- 
tiirc and pressure 
shows much deviation 
from the gas laws. 

Thermal Conductivity. —The thermal conducti\'ities of gases 
depend on the average distance travelled by the molecule between 
collisions (called the ‘ mean free path '), the complexity of the 
molecule, and the molecular weight. Since this property can be 
rapidly measured in an apparatus designed for the purpose, and 
since it varies very greatly for different gases (e.g. hydrogen has 
more than ten times the conductivity of carbon dioxide), instruments 
called katharometers vvoiking on this principle are sometimes used 
for the analysis of gas-rnixtures in factories, in preference to the 
more accurate but far more laborious methods of chemical analysis. 
A coil of thin platinum wire forming one arm of a Wheatstone’s 
bridge is kept, by the current flowing through it from the bridge. 


,Gas 

leaves 


Fig. 23. ICatiiakomkifr 
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at a temperature some live or ten degrees above that of its sur- 
roundings. The gas stream, first cooled to the temperature ol 
the apparatus, is made to flow past the wire at a fixed rate. The 
resistance of the wire depends on its temperature, which in turn 
depends on the cooling effect of the gas, so alterations in the thermal 
conductivity of the gas are immediately reflected in the bridge 
readings. The apparatus is peculiarly well adapted to furnace 
control by analysis of the flue gases. 

Molecular Heats. — The molecular heats of gases, though difficult 
to measure with accuracy, are of great theoretical importance. 
Two molecular heats must be distinguished, at constant volume and 
at constant pressure, denoted by C^ and C,,. The molecular heat at 
constant volume is the number of calories required to raise the 
temperature of one gram-molecule of the gas through one Centigrade 
degree, the volume being kept constant. Under these conditions 
the pressure rises, and to reduce the pressure to the original value 
the gas must be allowed to expand. This implies the performance of 
work, and it is easily seen from the equation /)E=1?7' that the extra 
heat required, to offset this work, is R calories = roughly 2 calories 


C^. Now 


and the total kinetic energy oi 


translation of the molecules, which we may call E, is 


2 


2 3 

/)F=-.E and E=-- -R7 . For unit increas(' in 7 the increase in 

3 2 

E is therefore equal to nearly 3 calories. If the only kinetic 


energy possessed by the gas molecules were their translational 
energy, this would be equal to C,„ and this is indeed found to 
be true lor all the rnonoatomic ga.ses so far investigated — inercur}-' 
v'apour and the inert gases. But when a polyatomic gas 
molecule is heated, not all the energy supplied goes to increase 
the kinetic energy of the motion of the molecule through the 
gas. Some energy is required to increase the rotational energy 
of the molecule and also the energy of relative motion, probabl}' 
oscillations, of the atoms within the molecule. These two 
together may be called the internal energ^\ Then 


translational energy -{-interned energy (if any) and 
Cj,= „ ,, + „ „ „ -{-external work 


Cy,_3+internal energy+2_54 internal energy 
3+ internal energy ”3 -{-internal energy’ 


Monoatomic gases have no internal energy, and consequently 
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-^=: ^ = I -67. This is in accordance with experiments on the velocity 
3 

of sound in these gases, from which the ratio of the molecular heats 
can be calculated. The more complex the molecule, the greater 

C . 

the internal energy and the nearer to unity the value of ~ This 
again is in accordance with experiment, as the following table shows: 


Gas: Argon Hydrogen Carbon dioxide Benzene Turpentine 

C 

1-65 1-41 1*30 1*09 1-03 


Viscosity. — On the basis of the kinetic theory equations have 
been developed connecting the viscosity ^ of gases with the molecular 
weight and the mean free path. The viscosity can be determined 
experimentally, and if the molecular weight is known the molecular 
diameter can be calculated. The results of these calculations are 
in indifferent agreement with the values deduced directly from 
measurements on crystals with X-rays, the difference being usually 
about 40 per cent. The same applies to calculations based on the 
value of the constant b in van der Waals's equation; it will be 
remembered that this is supposed to be proportional to the space 
occupied by the molecules in the gas. These and other results 
make it probable that the molecular diameter is not a fixed magni- 
tude, independent of conditions. 


Liquids 

Pure Liquids. — While the recently introduced X-ray methods of 
crystal analysis have thrown much light on the nature of the solid 
state, and while the kinetic theory has done the same for gases, 
our knowledge of pure liquids (as distinct from solutions) is stiU 
rudimentary. That the molecules in the interior of a liquid are 
in motion is shown by the fact that two mutually soluble liquids 
placed in contact diffuse into each other until the system is homo- 
geneous. The kinetic theory accounts for the difference between 
the liquid and gaseous states by assuming that in the former the 
molecules have been brought so close together that the inter- 
molecular attraction is sufficient to overcome the tendency ol 
molecules to leave the system. Surface tension is caused by the 
inward pull of the body of the liquid on the surface molecules. 

^ The viscosity of a liquid or a gas is the force per unit area between two 
parallel planes unit distance apart when the liquid or gas flows between them 
and parallel to them with unit diflcrence of velocity at the two planes. 
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Only molecules with exceptionally high velocities are able to over- 
come this attraction and break through the surface, and the vapour 
pressure at any temperature is a measure of the number of molecules 
for which this is possible. As the temperature is raised the con- 
centration of molecules in the vapour phase approaches the 
concentration in the liquid pheise; when these two concentrations 
become equal the surface tension is reduced to zero, the liquid - 
vapour surface disappears, and the critical temperature is reached. 

While there is little doubt that this kinetic view of evaporation 
is correct, not much else is certain. Ignorant as we are of tlic law 
of force between molecules in close contact we cannot calculate 
tlie mean free path or the volume of the molecules. Even tlu^ 
determination of the molecular weight of pure liquids is a problem 
of much difficulty. In this section we shall confine ourselves to 
a short discussion of this problem and to an account of some recent 
experiments which tend to show that certain types of molecules 
at least are at the surface arranged in a regular fashion. 

Molecular Weight and Association. — There is no reliable method 
of determining the molecular weight of a pure liquid. Much 
evidence has been accumulated that a large class of liquids is asso- 
ciated, that is, the apparent molecular weight is greater than that 
attributable to molecules in the vapour at temperatures well above 
the boiling-point. 

The molecular weight of a liquid may very well be more, but 
can hardly be less, than the molecular weight of its vapour. Thus 
if vapour-density measurements betray the presence of multiple 
molecules in the vapour, as in the vapour of acetic acid, hydrogen 
fluoride, or, to a much less degree, water, there is a strong prob- 
ability that these liquids arc associated. The molecular weight 
of a liquid when dissolved in another can be accurately measured 
by the methods outlined in Chapter IV, and a high result in such 
experiments is evidence of association in the pure liquid, though 
quantitative deductions from such data arc unjustifiable. Water, 
for instance, when dissolved in other liquids, has a molecular 
weight varying according to the solvent and concentration up to 
nearly double the value corresponding with the simple formula H./J. 

An abnormally high value for the latent heat of vaporization 
points in the same direction. On vaporization associated liquids 
usually suffer a reduction in the mean molecular weight, and this 
breakdown into smaller units absorbs heat which must form part ol 
the experimentally determined latent heat. Liquids which are in 
fairly close agreement with the relation called Tkouton’s 'Rulc\ 


constant (about 21 cal. per °C.), 



THE STRUCTURE OF IMATTER 103 

whore M is the molecular weight, I the latent lieat of vaporization, 
and 7 Ihe absolute temperature of the boiling-point, are regarded 
as non-associated. Liquids which show considerable de])arture 
from Uus rule (which, though introduced as an empirical relation. 
IS a simphlied form of an equation with a thermodynamic* basis) 
arc believed to be associated. Assc^iation is also inciicated liy an 
abnormally high viscosity. The best criterion of this effect is the 
ratio of the viscosity to the molecular volume (the formula weight 
divided by the density). 

Associated liquids show 
value's of this ratio very 
much in excess of those 
found for nonual liquids. 

Association in lif]uids 
can now be viewed from a 
new angle* as the result of 
X-ray analysis. The oxy- 
gen atoms in ice arc in 
tetrahedral ^-co-ordina- 
tion very similar to that of 
carbon atoms in diamond. 

'I'in* openness of this 
packing arraiigemeiil is 
emphasized by a simjile calculation. From our fairly exac't know- 
ledge of the dimensions and weight of the steam molecule H^O we can 
easily Imd that were an assemblage of these molecules close-p.u'ked in 
I C.C., the weight would be nearly 2 gm., while the actual spec ific 
gravitv of ic:c* is As in diamond, the open structure is con- 

clitioiu-d by directed valencies, exercised in a manner not yet fully 
understood, throiigli the hydrcigcn atoms, one of which lies between 
each pair of oxygen atoms, and probably in the line of their centres. 
Such so-called ‘ hydrogc'ii bonds' apjiear to be* not uncommon, 
case s being known m which not only pairs of oxygen atoms but two 
fluorine* atoms, or nitrogcai and fluorine (as in ammonium fluoride*), 
or nitiogen and oxygen ajq>ear to be held together by such bonds. 
When ice is melted the quite regular and com})lete bonding operating 
throughout the ice crystal is brokc'ii here and there, and a slightly 
denser packing, corresponding to an increase of about 10 per cent in 
density, is achieved. As the above calculation showed, if all or 
nearly all the oxygen-oxygen links were broken the increase of 
density would be over 100 per cent. As the licpiid water is heated 
there is probably a slight but progressive further rupture of the 
bonds, but the high latent heat at the boiling-point indicates that 
even at this temperature \'olalilization is far from a jmrely physical 
process. Above 4° C. the thermal exjiansion conceals the effect of 




104 THEORETICAL AND INORGANIC CHEMISTRY 

the closer packing. It is clear that this picture does not permit us 
to assume the water contains definite polymers (HgO)^. We should 
better regard water as essentially ice, in which a small proportion 
of the bonds are continually fractured and repaired at random 
points. We may legitimately expect a similar constitution in the 
alcohols and other liquids recognized as ' abnormal.* The con- 
ception of molecular weight is clearly meaningless when applied to 
ice, since throughout the crystal the bonding is uniform, and co- 
extensive with the cr^'^stal. On the view put forward above the 
conception is also without meaning for liquid water. If as now 
seems probable all liquids show structure in some degree, then we 
must modify the earlier attitude of regarding liquids as highly com- 
pressed gases based on the van der Waals conception of the con- 
tinuity of the liquid and gaseous states. Such a view is probably 
correct only in the neighbourhood of the critical point. 

The Paxachor. — Numerous methods of estimating the molecular 
weight are based on arbitrary formulae involving the surface 
tension, a property which is undoubtedly closely connected with 
the occurrence of association. These methods have not been 
uniformly successful, but in recent years there has become available 
a method which allows us to decide with some approach to cer- 
tainty whether a liquid is associated or not. In 1924 it was 
shown (i) that for a non-associated liquid the value of the expres- 
M 

sion^^ — was a constant independent of the temperature (M is 

the molecular weight, D the density of the liquid, d that of the 
vapour, and y the surface tension); (2) that this constant was an 
additive function of fixed values which can be assigned to each 
atom. Extra values must also be allowed for some special types 
of combination, such as double bonds or rings. 

This constant is called the parachor. It has been applied in 
both organic and inorganic chemistry in attacking questions of 
structure. Associated liquids show wide variations from the 
calculated values, but as with Trouton*s rule, quantitative deduc- 
tions cannot be drawn from these variations. 

The liquids which by these tests are found to be associated 
include water, hydrogen peroxide, the alcohols, the fatty acids, 
the acid amides, hydrogen fluoride, and liquid ammonia. It is 
significant that all these liquids contain hydrogen, and in them 
‘ hydrogen bonds * may well be operative, as mentioned above. 

Characteristics of Associated Liquids. — Meanwhile we may mention 
certain other characteristics of associated liquids which, while 
scarcely definite enough to serve as conclusive evidence of associa- 
tion, are of significance when the group is considered as a whole. 

I, Associated liquids are usually miscible in any proportion 
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with each other, but only in limited proportions with normal 
liquids, while normal liquids are miscible with each other, but not 
with associated liquids. 

2. The physical properties of mixtures of associated liquids 
seldom vary in a linear manner between those of the constituents, 
whereas with normal liquids a nearly linear relation is usual. The 
reason for this is the eftect which associated liquids have on each 
other's molecular constitution: the structures present in the pure 
liquids are to some extent broken down and new structures formed. 
The diagrams show the viscosities of typical pairs of associated 
and normal liquids: 



Associatul . Water and Methyl Normal : Benzene and Carbon 

alcohol tetrachloride 

Fig. 25. Viscosity of Mixed Liquids 


Associated liquids have high dielectric constants.^ The 
values lor a few typical liquids of either class tire: 

A'^t^ocuiltd Nonufil 

Water . - , bj Caibon tetrachloride . 2 

Formic add . . 5b Acetic anhydride . .21 

Methyl alcohol - . 33 Benzene ... 2 

Acetamide . . . Icther .... 4 

Exceptions are, however, found, c.g. : 

Acetic acid ... 0 Nitrobenzene , . 36 

4. Associated liquids have the power of dissociating suitable 
solutes into ions (Chapter IV). There is no doubt that this is 

^ The dielectric constant or specific inductive capacity of a substance is 
the ratio between the capacity of a condenser when that substance is used as 
dielectric and the capacity when air is used as dielectric. 
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partly due to their high dielectric constant, which facilitates the 
separation of the ionic charges; but the residual affinity of the 
solvent molecules probably has some effect, since the forces which 
cause the molecules of the pure solvent to combine may be equally 
effective in combining them with the ions of the solute, thereby 
promoting the dissociation of the latter. Thus slightly basic 
solvents promote the ionization of acids, and vice versa. 

The correct expression for the ionization of such a body as 
acetic acid in aqueous solution is not CH3COj,H^Cli.CO./+H’, but 
CHXOgH d- HaO^Cl I3CO2' + H-P*. 

5. Associated liquids have abnormally high boiling-points. Since 
volatility is nearly always reduced by increase in the molecular 
complexity there is nothing surprising in this. The question 
whether the boiling-point is abnormally high or not must be di^cided 
by comparison w^ith similar compounds. The comparison of the 
boiling-point of water will) tiiat of similar substances is instructive. 
'I'he thioethers, in winch the oxygen atcjin of the ether has been 
replaced by sulphur, boil about 59*^ above the corresponding ether. 
Since hydrogen sulphide boils at — bi"" it is reasonable to su])pose 
that water, if normal, should boil at — 6i‘"— 59°— — 120'" or there- 
abouts; the true boiling-point is no less than 220° higher, and the 
difference is ascribed to association. 

Films of Polax Molecules. — This name lias been apphc'd to 
molecules in which nearly all the chemical activity is concentrated 
at one end. The best-known examples of this class are the fatty 
acids, which have the formula CH3.(CH2)n-GOOH. While the 
lowest members of the series are liquid at the ordinary temperature 
the melting-point rises with molecular weight, and such a compound 
as palmitic acid, CIl3.(CH2)i4.COOH, melts at 6 ^^ The higher 
members are practically insoluble in water, and a single droj) of 
the molten acid placed on a water surface spreads out into a tliin 
film. If the volume of the drop (or its w^-ight and density) is 
knowm, the thickness of the film can be calculated from measurement 
of its area; and this thickness is found to be little more than the 
length of a single molecule of the fatty acid, as calculated from 
X-ray measurements. It is also interesting to comjiare this 
result with measurements on the thickness of soaii-films. The 
black or thinnest part of these films, which appears just before 
they burst (unless this is prevented by checking evaporation), is 
found to be just two molecules thick: there can be little doubt 
that in these films the COOH groups of the tw^o molecules face 
inwards and are in contact, while the CHg groups face outwards 
to the air. This suggests that in tlie films formed on w^ater the 
COOH groups are all on the water surface and the CHg groups 
all on the top of the film, and this has been proved by Adam and 
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others, using a modilication of the original oil-spreading method 
of Loki:) Rayleigh. 

A shallow trough of distilled water is fitted wdth a movable 
strip suspended on the surface of the water by a rigid wire framework 
not shown in the diagram (which is a plan). By attaching weights 
to the upper part of this framework a known force can be applied 
to the strip in a direction causing it to move from right to left. 

The water surface is first freed from floating impurities by 
drawing the edge of a piece of paper over it: a drop of a benzene 
solution containing a known weight of the fatty acid is then placed 
on the w^ater in the left-hand part of the trough. The benzene 
evajxuates, and the resulting film is compressed into the left-hand 
end of the trough by moving the strip. During this process the 
film tends to escape round the ends of the strip; this must be 
prevented by jets of air, as shown in the diagram. A point is 



Fig 26. Fatty Acid F'h.ms on WAirk 

then reached at which the film, which has hitherto requiied scarcely 
any force to drive it into the left-hand end of the trough, sudden K’ 
begins to display rigidity, 'i'he film has now attained an area 
beyond which it cannot be compressed without collapse. This 
area was found to be the same per molecule for all the fatty acids 
examined, and clearly corresponds with the area which the COOII 
group occujnes on the surface of the water when the molecules 
are in contact with their axes parallel. The area is also m good 
agrei^nent w'ith X-ray crystal measurements on the fatty acids. 
If the force is increased iK'yond that needed to keep the molecules 
in contact, the film crum[)les and in parts becomes more than one 
molecuk' thick. 

The (jiK'stion w^hethi'T tlie fatty acid in the film is in the liquid 
or the solid state is a matti^r inenfiy of definition. If th('se films 
are gradually heated, a tem])eratuve is reached at winch a change 
takes ]fiace analogous to a change ot state: the minimum area of 
the film before crumpling suddenly increases. If the tempiTature 
is increased still further 1h(‘ iilm continues to expand slowly, and 
it is interesting to note that the cocIficiiaU of expansKUi is now^ 
the same as that of a gas. At these temperatures the mutual 
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attraction of the molecules is not suflicient to overcome the force 
of thermal agitation, which presumably takes place in two 
dimensions only. 
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DYNAMICS OF CHEMICAL CHANGE 

l--flect of conditions on chemical change — Lc Chatelier's Law — Hcversible 
reactions — The decomposition of hydrogen iodide — Reaction velocity — The 
Law of Mass-Action — Heterogeneous systems — Kinetic order of reaction — 
Unimolecular rc'^actions — Pseudo-unimolccular reactions — Velocity equation 
for a unimolecular reaction — Biraolecular reactions — Rapid consecutive 
reactions — Kffect of pressure — Concentration of the reactants — Inhibition 
of reactions — Reactions in the human body. 

Appendix — Observations on a uniiiiolecular reaction. 


Effect of Conditions on Chemical Change.— All chemical reactions, 
with the exception of the radioactive changes which will be dealt 
with later (Chapter X), are influenced by the conditions under 
which they take place. In this chapter we shall begin the dis- 
cussion by referring to the effects of temperature, pressure, and 
the concentrations of the reacting substances, and we shall 
subsequently have to deal wdth the influence of light, various 
kinds of electric current or discharge, the presence or rigid exclusion 
of catalysts, and the nature of any surfaces in the reaction mixture, 
as well as with the energy relations tluit determine the course ol 
the reaction. 

In investigating a reaction we are concerned with the nature of 
the products, the relative quantities of each present when the 
reaction is finished, the velocity with w^hich they are formed, and 
the liberation or absorption of heat. All these may be, and usually 
are, affected by variation in the conditions specified in the previous 
paragraph, w'hich must therefore be carefully controlled w'hen 
measurements of any kind are to be made. We cannot begin 
better than with Le Chatelier's Law, a princip)le of absolutely 
general application that often supplies the key to the behaviour 
of a system. 

Le Chatelier^s Law. — ‘ If any change in the conditions of a system 
in equilibrium causes the equilibrium to be displaced the displace- 
ment will be in such a direction as to oppose the effect of the 
change.’ 

The applications to changes ol temperature and pressure are 
important and obvious. Consider the solubility of a substance 
such as potassium chloride w^hich dissolves in water with absorption 
of heat. In a saturated solution the solid is in equilibrium with 
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the solution, that is, in any interval of time as much of the salt 
dissolves as is precii)itatcd. If now heat be supplied to the system 
the principle tells us that it will behave in such a way as to absorb 
it, that is, more potassium chloride will dissolve. This shows 
that the solubility of potassium chloride increases with the tem- 
perature, and the same reasonin^^ can be applied to all substances 
which absorb heat when they dissolv^e. From an observed increase 
in the solubility with temperature we can also deduce an absorption 
of heat on solution, and vice versa, and in the same way it can be 
shown that heat must be absorbed in the fusion or evaporation of 
any substann^. The application to changes of pressure is equally 
simple. Consider a mixture of ice and water at o'^ under atmo- 
spheric pressure. If now the pressure be increased the system 
will change in such a way as to yield before the increased pressure 
by a reduction in volume, that is, the ice will melt, and to freeze 
it again under the new pressure it will be necessary to lower the 
t('mperature. Otherwise expressed, the melting-point of ice is 
reduced by increasing pressure because a given weight of ice at 
o° occupies a greater volume than an equal weight of water at 
the same temperature. The rev'^erse is true of most other substances, 
whose melting-points thus rise with increasing pressure. 

Reversible Reactions. — The final result of many of the reactions 
with which we are acquainted appears to be unaffected by variation 
in the conditions in which they are carried out. They proceed 
more or less quickly to a definite end at which the whole of the 
reactants, except any which may have been in excess, have been 
consumed, and only the products remain. vSuch actions are called 
irreversible. Thus if a current of nitric oxide at room temperature 
is allowed to escape into the air, the whole of the gas combines 
with atmospheric oxygen to form nitrogen ‘ peroxide.’ 

2N0-b02->N204. 

Careful analysis will show that the resulting mixture contains no 
detectable quantity of the lower oxide. On the other hand, reactions 
are known which when once started proceed with a gradually de- 
creasing velocity and finally appear to come to an end, not when the 
wliole of the reactants have been decomposed, but at an inter- 
mediate stage at which some of the reactants are still present together 
with the products. If now in another experiment the pure products 
in equal quantity are allow^ed to react, the change will proceed 
backwards until the same intermediate stage is reached. The 
reaction is in fact reversible. Under given conditions of temperature 
and pressure, the final stage will be the same whether we start 
with the original reactants or with tlie products in quantity equi- 
valent to them. At this stage no reaction in either direction can 
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be detected and the system is in equilibrium, but it is more natural 
to suppose that both reactions are proceeding with equal and 
opposite velocities, that is, that the system is in dynamic rather 
than static equilibrium. The velocity of the change in either 
direction under given conditions can usually be calculated, and 
the advantage of the idea of dynamic equilibrium is that it shows 
the connection between reaction velocity and the stage at which 
equilibrium is reached. 

Closer examination of many apparently irreversible reactions will 
show that they only appear to be so because under the chosen con- 
ditions the equilibrium lies so far on one side as to be indistinguishable 
from completion of the reaction. To take the case quoted above, 
we have only to heat nitrogen peroxide to, say, 700° for the back 
reaction to take place, and at about 1200” the decomposition of 
the peroxide into nitric oxide and oxygen appears itself to be 
complete and irreversible. At intermediate temperatures per- 
ceptible quantities of both reactants and products are present 
at equilibrium. When we say, therefore, that a reaction is irre- 
versible we mean nothing more than that under the chosen con- 
ditions the reactants are at equilibrium present in such small 
concentration as to escape detection. 

The Decomposition of Hydrogen Iodide. — As an example of a 
reversible reaction consider the dissociation of gaseous hydrogen 
iodide into hydrogen and iodine: 

aHI^H^+Ig. 

If heated to c.g. 350° in a constant -temperature air-bath, hydrogen 
iodide wall decompose in agreement with the equation and with 
gradually decreasing velocity, but wdien the reaction appears to 
have come to an end there wall still be found hjMrogen iodide in 
the bulb, in addition to hydrogen and gaseous iodine. If equi- 
molecular quantities of hydrogen and iodine in total weight equal to 
that of the hydrogen iodide tal.en in the first experiment be now 
heated to this temperature, they wall combine wath gradually de- 
creasing velocity until an equilibrium state is reached which will be 
absolutely identical wath the first. This reversibility of the reaction 
is expressed by the arrow’^s of the equation. If a mixture of 
hydrogen, iodine, and hydrogen iodide in the proportions of the 
equilibrium mixture be heated to 350^ no change in composition will 
take place, but if any other mixture containing equimolecular 
quantities of hydrogen and iodine, together wath hydrogen iodide, 
be heated to this temperature, a reaction will take place until the 
equilibrium proportion is reached. 

Reaction Velocity. — We now have to consider the velocity with 
wiiicli the forward and back reactions proceed. Before a hydrogen 
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molecule can combine with an iodine molecule it must come in 
contact with it by collision. The probability that in a short 
interval of time a given hydrogen molecule will collide with an 
iodine molecule will obviously be proportional to the number 
of iodine molecules in its neighbourhood, that is, to the number of 
iodine molecules per cubic centimetre, and will in fact be propor- 
tional to the concentration of iodine. Of a thousand hydrogen 
molecules the number which will combine per second is therefore 
proportional to the iodine concentration. The total number of 
molecular combinations that take place per second is therefore 
also proportional to the number of hydrogen molecules per cubic 
centimetre, that is, to the concentration of the hydrogen. If the 
total amount of hydrogen and iodine present at a given moment is 
a and h gram-molecules respectively, and the volume of the reaction 
vessel is V cubic centimetres, the velocity of combination, which 
represents the rate at which hydrogen iodide is formed, is 

h ^ 


where A, is a constant. 


Now let 


c 

V 


be the concentration of hydrogen 


iodide at any moment in gram-molecules per cubic centimetre. 
Then the velocity with which the hydrogen iodide will decompose 
is proportional to the number of collisions per second between 
two hydrogen iodide molecules, which is, as before, 


c c ^ 
h-y-y- 


k 


2 * 


K 2 ' 


where Ag is a constant. When the reaction has reached equilibrium 
the rate at which hydrogen iodide is formed must be equal to the 
rate at which it decomposes ; hence, at equilibrium : 


7 , 

y2 —^2'V2 


V2’ 


a, b. 



A 

where is a constant called the equilibrium 

Aj 


constanL The suffix ^ denotes the amount present at equilibrium. 
Equations of this kind are often written in the form; 


[Hj [IJ _ 

[HI]2 


where the square brackets indicate concentration, or, in the case 
of gases, pressure. 
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It will be noticed that the expression for the equilibrium constant 
K has been brought into harmony with the chemical equation 

2Hl^H^+l2 {a) 

by the assumption that hydrogen iodide decomposes and hydrogen 
reacts with iodine only as the result of collisions between pairs of 
molecules. That such is the mode of action in the dissociation and 
formation of hydrogen halides is by no means immediately obvious, 
for we could imagine at least one alternative mode, such as 
(I) HX^H+X; (2) H+HX^Hg+X; (3) 2X^X3, where X 
represents the halogen. The final effect of this succession of changes 
is of course identical with that of the single equation (a), and it can 
easily be shown that the alternative scheme will not affect the 
expression for K, For the three equilibria (i), (2), and (3) we 
may wiite: 

[H] [X]/[HX]-=iv„ [HJ [X]/[H] [HX]=/w, [X,]l[Xf=K„ 
and we see that [X^l/lIXp^:/!. 

Nevertheless the modes of reaction differ radically when considered 
as chemical processes, and only experimental study can decide 
between them. It rna}^ be mentioned that (a) is found to be a true 
representation for hydrogen, iodine, and hydrogen iodide, but for 
hydrogen, bromine, and hydrogen bromide there is evidence that 
the mode of reaction is by way of such a succession of changes as 
(i), (2), and (3). 

The Law of Mass-Action. — The relation that we have above 
deduced is a special case of what is called the Lazi^ of Mass- Action. 
Goldiu- RG and Waage in 1S04-7 developed by experimental studies 
the principle that the rate at zdncJi a substance reacts is proportional 
to its active mass, by which is to be understood its molecular con- 
centration. The kernel of tlie theory is the idea of dynamic 
equilibrium, which is indeed rath^'r more than a convenient figment. 
For if hydrog(‘n and iodine molecules — or a fixed firoportion of 
them — combine when they collide, there is no reason to sujipose 
that they will suddenl}’ cea.se to do so when an equilibrium con- 
centration of hydrogen iodide has been formed, nor is it probable 
that the decomposition of h3^drogen iodide molecules is arrested by 
the presence of a certain concentration of h^^drogen and iodine. 

The considerations of the preceding paragraph encourage us to 
assume that the law of equilibrium will not depend on the actual 
chemical processes by which equilibrium is attained, and to generalize 
our results. If n molecules of A react with m molecules of B, etc., 
in accordance with the equation 

nA-\ ml^+pC+ . . . ^wL+ze'M+rrN-f- . . . 
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at equilibrium the expression 


lAJ" [BJ- [CJP 

[L.inMjnN*? 


(or its reciprocal) 


will be a constant. Though the derivation was from a gas reaction, 
the law can equally well be applied to reactions that take place 
in solution. Nor is it confined to homogeneous reactions, by which 
is meant reactions which take place entirely in one phase, though 
a little further explanation is required before it can be applied to 
heterogeneous systems. Foitunately this law of mass action does 
not ultimately rest on our not wholly convincing argument based 
upon reaction velocities. It can be derived in the above form in- 
dependently by the methods of thermodynamics, of which science 
the characteristic feature is that the results of its aj)plications are 
independent of mechanism, provided this satisfies certain general 
requirements, such as ])erfect reversibility. An alternative de- 
scription of the law of mass-action is the law of mobile equilibrium. 
I'his phrase emphasizes a fundamental feature of the law, for one 
or more of the concentrations in the numeratoi or denominator of 
the expression for K may be arbitrarily changed; tlien, provided 
the temperature is unchanged, the remaining concentrations will 
adjust themselves till the original value of K is restored. K itself 
can only be changed by a change of temperature. 

Heterogeneous Systems. — Consider the decomposition of calcium 
carbonate into quicklime and carbon dioxide: 


CaCOj^CaOd-CO,. 


The reaction is reversible, but how can we speak of the concentra- 
tion in the gas phase of a non-volatile substance such as calcium 
oxide? There is, in fact, no need to measure it, even if it could 
be measured, and it is necessary merely to note that it represents 
the vapour pressure of the oxide at the given temperature. Every 
substance, however far below its boiling-point, has some vapour 
pressure, and this pressure is independent of the weight of substance 
present, so long as some remains at equilibrium. The active 
mass of solids in the gaseous phase under given conditions of 
temperature and pressure is therefore a constant, and such an 
equation as 

(K'l) becomes [CO constant 

[CaCUjJ 

a conclusion which can readily be verified by experiment. If 
calcium carbonate be heated to a constant temperature in a closed 
evacuated vessel, it will decompose until the pressure of carbon 
dioxide reaches a fixed value depending on the temperature but 
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independent of the size of the vessel or the weight of calcium 
carbonate, provided that there is enough of the solid originally 
present for some to remain undecomposed at equilibrium. If the 
carbon dioxide is pumped away or allowed to escape from the 
vessel, the carbonate will continue to decompose till none remains; 
if, however, carbon dioxide at higher pressure is forced into the 
vessel, some of the gas will combine with the calcium oxide until 
the pressure has been restored to its equilibrium value. 

The constancy of the active mass of a solid in the gas phase can 
be extended to the liquid phase, and is in fact only another way 
of stating the well-known phenomenon of saltiraiion. If, for 
example, sugar and water are shaken up together at a fixed tem- 
perature, and there is not enough water to dissolve all the sugar, 
a point will be reached when no more sugar will dissolve. The 
solution is now saturated with sugar, whose active mass and 
concentration arc constant and identical, for it is found that at a 
fixed temperature one cubic centimetre of a saturated aqueous 
solution of sugar always contains the same weight of sugar. This 
side of the question will be very important when we come to discuss 
the conditions under which substances can be precipitated from 
solution. 

Kinetic Order of Reaction. — We have seen that the equilibrium 
constant K can be regarded as the ratio of the velocity constants 
^2 ^i^nd A’l for the backward and forw'ard reactions respectively: 

7v=/c2/^i. 

This relation, however, affords no information concerning the in- 
dividual values of either or A’g. Nor can we assume that for a 
reaction stated as 

wA+ -f />C->products 

the reaction velocit\' found in experiment wiU agree with such an 
expression as 

i;:ate-Tv[A]'*[F>]'"[C]/’ 

We are again faced with the question of mechanism of reaction 
already touched on above. Consider the reaction in aqueous 
solution between hydrogen peroxide and hydriodic acid, expressed 
by the equation 

2HI-1 11202=21100 i I2 (1) 

Experiment proves conclusively that the rate of production of iodine 
IS accurately given by the equation 

Rate-A[H 1 ] [ILOJ (2) 

while a naive interpretation of equation (i) might suggest 
Katc-/c[HIJ2[H202] (3) 
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Detailed investigation shows that the changes actually occurring 
are as follows: 


HI+HA=HI0+H20 (a) 

HI0+HI=l2+H20 {b) 


the stage (a) being very much slower than the stage (b). In these 
circumstances we see that the over-all rate of the reaction will be 
governed almost exclusively by (a), and equation (2) is explained, 
and equation (3) rejected. It may easily be understood why the 
reaction does not pursue the course indicated by the single equation 

(i). This mode of reaction would require the simultaneous collision 
of three molecules, an event enormously less frequent than a 
binary collision. 

In general for a reaction expressed stoichiometrically by the 
equation 

nA mB = products. 


we find for the rate of reaction (by observing how the rate depends 
on concentration) 

RJt(•-^[A]«.[lJ]^ 

where a and b are commonly but not necessarily integers, which 
may have the values, 2, 1, or o. The sum a-\-b only rarely exceeds 2. 
If an index is zero it of course means that the concentration 
concerned is effectively constant during the reaction. This may 
come about in various ways, for example : 

(1) The reagent is present in great excess (p. 118); 

(2) The reagent is present as a solid, giving constant vapour 
pressure, or a fixed concentration in (saturated) solution (p. rr.]); 

(3) The reagent is a catalyst (p. 213). 

The sum a-\-h is termed the total kinetic order of the n'action, 
while a single index such as a is called the order in respect to A, etc. 
While in a number of simple reactions it may emerge from exjieri- 
mental study that n=-a, and fn=b, it must be stioiigly emphasized 
that in general the kinetic order cannot be deduced from the ordinary 
stoichiometrical equation, but must be sought in ex})crimenls 
designed to reveal it. Not infrequently it may be found that one 
or more of the products may adversely affect the progress of the 
forward reaction {see p. 217). The concentration of such an 
* inhibitor ' will appear in the exjiression for the rate with a negative 
index, i.e. in the denominator: 


Rate-=k[A]^[B]V[P]^ 


Some confusion exists in the terminology of this subject. Re- 
ferring again to the reaction 

2HI+H.A=2H20-f-l2 
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we might logically use the description tcrmolecular, since clearly 
three molecules are involved in the complete reaction. On tlie 
other hand, as we have seen, the total order is only two, and on this 
account the description himolecidar is often preferred, though 
somewhat illogically. The need for a clear distinction between 
kinetic order and the total number of reacting molecules was 
sharpened by the discovery of true unimolecular reactions, of the 
type A —products. Before this it was customary to use 'uni- 
molecular ' as synonymous with first kinetic order, even in cases 
where it was quite clear that more than one species participated, in 
a reaction wherein only one concentration changed. This latter 
type of reaction is now often termed ‘ pseudo-unimolecular.' 

Unimoleculax Reactions. — Unimolecular reactions are much less 
common than might be expected. Until 1925 only one homo- 
geneous unimolecular gas reaction was known, the decomposition 
of nitrogen pentoxide in accordance with the equations: 

N 2O5— j^N 2O3 + Ojj 
N 2D3 — O -j- N O2 
NO 4 NaOs-^aNOg. 

The last two reactions are incomparably faster than the first, which 
therefore determines the rate of the whole scries. 

This is another example of a plienomcnon already mentioned 
above, the only velocity w^e are usually able to measure being the 
slowest of a series, and changes that take place comparatively 
rapidly will elude our observation. 

When a quantitative study of the rate of decomposition of 
nitrogen pentoxide is made at a constant temperature, it is found 
that in unit time, say a second, a fixed proportion of the total weight 
of nitrogen pentoxide present at that moment suffers decomposi- 
tion. When one-half of it has decomposed the rate of reaction has 
only half the value it had at the beginning of the change, and the 
reaction velocity gradually decreases until it becomes altogether 
imperceptible and no more pentoxide remains. The fraction of 
the total weight transformed per second is independent of the 
pressure or concentration of the gas, and if at any time during the 
change the gas is compressed or allow^ed to expand, the rate of 
formation of the products in grams per second is quite unaffected. 
Nor is the velocity affected by diluting the gas with nitrogen or 
argon. Indeed, so little does the tendency to decomposition of 
a nitrogen pentoxide molecule appear to depend on its surroundings 
that when the gas is dissolved in organic solvents the rate of 
decomposition is approximately the same. 

At this point it will be as wx'll t<) clear up a possible misunder- 
standing of the statement that the reaction velocity is independent 
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of the concentration. If the same weight of pentoxide is dissolved 
in various volumes of, say, carbon tetrachloride the products will be 
formed in each solution at an equal rate in grams per second. 
On the other liand, if various weights of nitrogen pentoxide are 
dissolved in equal volumes of carbon tetrachloride the rate of 
formation of the products in grams per second will not be the same 
in each solution, but will be proportional to the original concentra- 
tion of cacli solution. The difference is only a matter of words, 
but it sometimes causes confusion. If at any time x gram-molecules 
of nitrogen pentoxide are present in molecules of solvent, the rate 
of decomposition is, by tlic principle of mass-action, given by 


cE 


=Hx/V); 


but this equation is clearly equivalent to 


[See further, p. 119). 

In recent years a number of homogeneous first-order gas reactions 
have been investigated, notably by Hinshelwood and his collabora- 
tors. The majority consist of the decomposition of a comparatively 
complex organic molecule, e.g. diethyl ether, acetone, or aldehydes, 
but none shows the simplicity of the decomposition of nitrogen 
pentoxide, which at present stands alone in this respect. Uni- 
molecular gas reactions will be further considered in Chapter VTI 
in connection with the energy-changes involved. 

Pseudo-unimolecular Reactions. — ^I'hough not unknown, homo- 
geneous unimolecular reactions are likewise uncommon in the 
liquid phase. Many apparently unimolecular reactions appear to 
be so only because all the reactants except one are present in large 
excess. Thus if hydrogen peroxide is added to a large excess of 
acidified potassium iodide the following reaction takes place: 

HoO,-| 2KI-f2HCl ->2KC1 1 2fLO-f I2, 

and the progress of the change can be followed by estimating at 
intervals the iodine liberated. Tliis was one of the first reactions 
whose velocity was accurately measured (Harcourt and Esson, 
1866). Under the conditions named the reaction appears to be 
unimolecular, but this is only because the active masses of the 
iodide and acid are so large when compared with th(' active mass of 
the peroxide that they can be regarded as constant throughout the 
experiment; the order in respect to these reagents is zero. If one 
of the reactants of a bimolecular reaction is in large excess, the 
reaction will for this reason appear to be unimolecular. This is a 
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common feature of reactions in fairly dilute aqueous solution in 
which the water itself plays a part, that is, in hydrolyses. Take 
as an example the hydrolysis of an ester such as ethyl acetate: 

CHg.COOCJIs+H^O^CHa.COOH+CaHg.OH 

Under the conditions in which the measurements are usually 
carried out there is twenty or thirty times as much water as ester 
in the mixture, and the active mass of the water suffers no appre- 
ciable variation throughout the experiment. The early stages of 
the hydrolysis, before the back reaction begins to make itself felt, 
are therefore unimoleculai*, or appear to be so. The back reaction 
is birnolecular, and the change proceeds until the expression 

[CH,.COOH] [C.Hg.OH] 

[CHg.COOCa-ls] 

attains a definite constant value. This equilibrium value will be 
the same whether we start with ester and water or with a dilute 
solution of ester, acid, and alcohol in any proportions, provided 
always tliat the water is present in large excess. 

Velocity Equation for a Unimolecular Reaction. — The course of 
a unimolecular reaction lends itself very readily to mathematical 
expression. Con^ider the decomposition of nitrogen pentoxide. 
Let a be the weight of pentoxide originally present, and x the weight 
present after a time t measured from the beginning of the reaction. 

c\x 

Then the rate of reaction is — (the negative sign means that % 

decreases with time), and as w^e find it to be proportional to x, 
we may put : 


where k is a constant. Hence: 

— -^=:rA:.d/, or A:/=—logeAf+ integration-constant. 

X 

To find the integration-constant we remember that at the beginning 
of the reaction t was o and x was equal to a. The integration- 
constant is found by substituting these values in the equation, 
and is equal to loge«, so that: 

kt = 1( )gea — \ogcX = loge^- 


This exponeritial relation is typical of unimolecular reactions. An 
example of the apiplication of this equation to a series of obser- 
vations will be found in the Appendix to this chapter. Note that 
when x is zero t is infinite, so that no unimolecular reaction ever 
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comes to an end, but in practice a time can always be found after 
which the remaining reactant is present in such minute quantity 
as to be undetectable. It is, however, important to remember 
that there is no definite time after which the reaction is finished. 
If it be desired to express the reaction velocity in some such way, 
the * half-life period ' is calculated. This is the time at which one- 
half of the reactant originally present has been decomposed, and is 
a perfectly definite quantity. 

CL 

At this point 


and 
so that 


^/=loge2, 

/=^.loge2. 


The half-life period is therefore inversely proportional to the 
velocity-constant k. It should be remembered that the uni- 
molecular reaction-velocity equation, in agreemt'iit with experience, 
contains no term referring to concentration. 

Bimolecular Reactions. — Homogeneous reactions arc in large 
majority bimolecular. It appears that most reactions are brought 
about by the collision of two molecules, and as previously suggested 
the predominance of bimolecular reactions over those of higher 
order is due to the relative improbablility of three or more mole- 
cules coming into contact at the same time. As an example of 
a bimolecular reaction we may take the decomposition of nitrous 

2N,0-»2N2-1- o,. 


If nitrous oxide be confined at a high but constant temperature 
in a vessel fitted with a manometer, the pressure will be observed 
gradually to rise until it attains a value 50 per cent greater than 
its initial value. At this point the reaction is complete, since the 
number of molecules in the system is 50 per cent greater at the 
end than at the beginning. The rate at which the pressure in- 
creases is a measure of the rate at which the nitrous oxide 
decomposes. Let x be the fraction decomposed at a time t measured 
from the beginning of the reaction, and let the pressure at this 
moment be p, while po was the pressure at the beginning of the 
reaction. Then : 


p number of molecules present at time t 

number of molecules present at beginning 2 


X 


Hence x=^ 2 (^ — i). 

po 




If now the pressure be plotted against the time, can be 
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dx 

measured for various values of p and t, and — can be calculated 

Qt 

from it by the relation; 

dt d^ dp~~p^ dt 

This gives us the rate of decomposition at anv moment, and we 
can see how it varies with x. If the decomposition is bimolecular; 

and it is found that this equation does truly express the rate of 
change. When different numbers of molecules appear on either 
side of a gas reaction its course can be most easily followed by 
noting the rate of change of the pressure. When this is not so, 
as for instance in the reaction ; 


CO^+Ho^CO+IlgO, 

the velocity must usually he determined by analysis at fixed 
intervals. 

As an example of a homogeneous gaseous termolecular reaction 
we may quote the formation of nitrogen dioxide from nitric oxide 
and oxygen : 

2N0+0j,->2N02. 


The rate of formation of nitrogen dioxide at any moment is given 
by the equation ; 


dfNOJ 

cl/ 


-/eLNOPiOJ. 


Rapid Consecutive Reactions. — An interesting reaction taking 
place in solution is that usually written: 

HSCN + 3H2O2 HCN + H2SO4 + HgO. 

Uiiocyanic hvcirocyanic 

acid acid 

It might be supposed that this reaction is cjuadrimolecular. The 
velocity is, however, found to be proportional tc> 

I HSCN] [HA?. 

so that the reaction which determines the velocity appears to be: 

HSCN 4- 2 lL 0 . 2 -^HCN-[- 2H2O+ SO2. 

Ihe sulphur dioxide would then be oxidized by a further mc:)lecule 
of hydiogen percjxide: 

soah^o^-^h^so^. 

This second change has been shown by experiment to be much more 
rapid than the first, and has no effect on the observed velocity of 
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the total change, which is therefore terrnolecular. This again illus- 
trates the difference that may be found between the observed order 
of a reaction and the order suggested by the equation. Reactions 
of higher order than the third are very rare. 

When the results of an investigation of reaction velocity show 
the reaction to follow a course other than that required by the 
ordinary equation, it is usually easy to devise a series of reactions 
to fit the observed facts. But in so doing caution must be exercised, 
and it must be shown that reactions supposed to take place rapidly 
actually do so in fact. Hypothetical intermediate j)roducts should 
if possible be isolated and their reactions studied. In the thiocyaiiic 
acid oxidation which has just been mentioned these precautions 
have been observed, and experiment shows that sulphur dioxide 
really is rapidly oxidized to sulphuric acid by hydrogen pei oxide. 
Neglect of such precautions has led to much faulty theorizing. 

l^ect of Pressure. — At this stage it will be as v/ell to consider 
in general terms the effect on the equilibrium of changes of pressure 
or volume. Let a gaseous system be in equilibrium, and let the 
pressure on it be increased. Then we know from Le Chatelier’s 
principle that the equilibrium will, if possible, shift in such a way as 
to oppose the increase of pressure. To see how this comes about let 
us consider the gaseous system 

2NOo^2NO+Oo, 

formed from pure NOo a constant temperature, and under a total 
pressure P. Then if and ^2 ^re respectively the partial pressures 
of nitrogen dioxide and oxygen, the partial pressure of nitric oxide 
is 2p2. Hcncc pj-\- $p 2 Since, by Boyle's law, the concentra- 

tion of a gas, in gram-molecules per c.c., is proportional to its partial 
pressure, the existence of equilibrium requires, by the law of mass- 
action (p. 113), 

(2p,np2)l{Pif-APz^lj\^=K. 

Let the total volume of the system be now halved by a sufficient 
increase in the total pressure. If no chemical change occurred the 
required pressure is, by Boyle's law, equal to 2l\ and since all 
partial pressures would be doubled, the equilibrium would recpiire 

(4p2n2p,)i(2p,r^K’..2K. 

But K must remain unchanged since the temperature is constant. 
Hence a chemical change must take place, reducing K' to K, i.e. 
increasing at the expense of ^2» ^'hich means the foimation of 
nitrogen dioxide from nitric oxide and oxygen. Since this change 
reduces the total number of molecules in the system, the actual 
pressure wall sink below 2P. Le Chatelier’s principle is thus 
operative, to annul partially the increase of pressure expected by 
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Boyle's law to achieve a given decrease of volume. The effect of 
an increase of pressure on a gaseous system in equilibrium is thus 
in general to cause, if possible, a shift of the composition of the 
gaseous mixture towards one occupying a lesser volume, or, more 
simply expressed, a reduction in the total number of molecules in 
the system. Decrease of pressure has the opposite effect. 

In gas reactions in which equal numbers of molecules appear on 
each side of the equation, alterations of pressure have no effect on 
the equilibrium. An example is furnished by the decomposition 
of hydrogen iodide, and we have already seen that the equilibrium 
equation need contain only the weights of reactant and products, 
since V can be cancelled in the final expression. 

The effect of alterations of pressure can be quantitatively deduced 
from the equilibrium equation, since the equilibrium constant A^ 
though dependent on temperature, is independent of the pressure. 
The technically very important synthesis of ammonia will serve 
as an example. At a given temperature let the partial pressures of 
nitrogen, hydrogen, and ammonia at equilibrium be 6^, and 
Then 

^0“ 

Now let the pressure on the system be doubled. To simplify the 
calculation let us assume, as is alwa} s the case in technical 
practice, that the partial pressure of ammonia is small com- 
pared with the partial p)ressurc5 of the nitrogen and hydrogen. 
Then when the total pressure is doubled the partial pressures of 
nitrogen and hydrogen at etiuilibrium (we will call the new equili- 
brium partial pressures /q, and will also be approximately 
doubled, since we can neglect the decrease due to the formation 
of more ammonia. Then: 


Cl'" ■ ~ 0 ;^ 

K 


Cl =^4^0- 


We see that llie partial pressure of ammonia has been quadrupled 
by the increase of pressure, while the partial pressure of the reactants 
has only been doubled. The fractional yields of ammonia from 

nitrogen arc equal to ® and \ and since and 

the second fractional yield is twice the first. By doubling the 
pressure we have therefore doubled the fractional yield of ammonia, 
and it can easily be showm that if the fractional yield of ammonia 
is small it is directly proportional to the total pressure on the 
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system. The commercial synthesis of ammonia is in fact only 
made possible by the use of very high pressures, as we shall see 
when we come to discuss the process in detail (p. 388). 

Concentration of the Reactants. — When a reaction is being carried 
out with the object of securing the product in maximum yield, 
there must be chosen not only the best temperature and pressure 
but also the most suitable proportion between the reactants. In 
a reversible reaction the best yield from all the reactants is always 
obtained from the mixture in equivalent proportions. Thus in 
the synthesis of ammonia both nitrogen and hydrogen have to be 
artificially prepared, and economical working requires that they 
should be mixed in the proportion of one volume of nitrogen to 
three of hydrogen. As is common in industrial practice, the 
gases arc not allowed to reach a stage of approximate equilibrium, 
since this would take inconveniently long. The mixed gases are 
therefore allowed to leave the reaction chamber before the equili- 
brium concentration of ammonia has been reached, and the ammonia 
is removed at a lower temperature. The remaining nitrogen and 
hydrogen, which are still in the correct proportions, are then mixed 
with fresh gas and again passed through the reaction chamber, 
and so the cycle goes on. By the removal of one of the products 
a reversible reaction can be made to go to completion, but if the 
yield of each operation is very small the p)rocess may become too 
slow to be economic. 

In reactions where one reactant, such as water or air, is very 
much more abundant than the others, the best yield from the 
practical point of view is usually obtained by having this reactant 
present in excess. Consider as an example the oxidation of sulphur 
dioxide by atmospheric oxygen in the contact process for the 
manufacture of sulphuric acid: 

2502+02^2803. 

The action is reversible and it can be shown from Le Chatclier's 
principle or from the equilibrium equation that the formation of 
the trioxide is favoured by high pressure. It can likewise be shown 
that at a given temperature and total pressure the percentage 
yield of sulphur trioxide can be indefinitely improved b5" increasing 
the partial pressure of oxygen as compared with the partial pressure 
of sulphur dioxide in the reaction mixture. From the jioint of 
view of economy the percentage conversion is the important factor, 
since the sulphur dioxide must be obtained by burning sulphur or 
sulphur-containing materials, while the air costs nothing. On the 
other hand, if the air is in very large excess, time and energy will 
be expended in pumping through the system a gaseous mixture 
containing only a small fraction of sulphur dioxide. An intermediate 
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proportion must therefore be chosen which approximately satisfies 
both conditions. 

Inhibition of Reactions. — ^An interesting example of inhibition, and 
of the type of explanation that may be advanced, can be found in the 
very important reaction occurring in the nitration of aromatic hydro- 
carbons. In the case of the nitration of benzene, CgHp, the net re- 
action can be written in the equation CgHg-t-HNOs^CgHsNOg+HgO, 
but abundant experimental evidence has accumulated that the 
actual nitrating agent is not molecular nitric acid but the so-called 
nitronium ion (N02)+ derived from it. When the acid is concen- 
trated or is dissolved in organic solvents it undergoes an unexpected 
form of ionization, according to the equations: 

HN03^N02++0H- 
HNO3+ OH- ;?iH20-l- NO3-, 

which may be summed in the form 

2HN03^N02++N03--fH20 

It is thought that this equilibrium is rapidly established, but the 
ensuing reaction between the hydrocarbon and the nitrating agent 
is relatively slow; the rate of this reaction is determined, for a given 
concentration of hydrocarbon, by the concentration of the cation 
NOg'*". It is however readily seen that the addition of nitrates, i.e. 
NOj- ion, to the reaction mixture, must, by driving the equilibrium 
in which it is present to the left, adversely affect the concentration of 
the cation NO2+. It is found, in complete accordance with this 
theory, that the rate of nitration by nitric acid in organic solvents 
is inversely proportional to the concentration of nitrate ion. 

The reader will perhaps be interested to deduce, on the lines of the 
above argument, from equation (2) on p. 113 the known fact that 
the product hydrogen bromide restrains the rate of its formation 
from molecular hydrogen and bromine, and to convince himself that 
no such restraint will operate on the combination of hydrogen and 
iodine. 

Reactions in the Human Body. — Health depends on the delicate 
balance between numerous reactions which take place in the human 
body, and to preserve this balance a constant temperature is 
necessary. The body is a highly efficient thermostat, operating 
with a normal variation of less than half a Centigrade degree over 
a range of conditions which few artificial thermostats are required 
to suffer. Heat is supplied by oxidation processes, and is dissipated 
by evaporation from the skin. The rate of cooling can be increased 
if necessary by perspiration, but if the atmosphere is nearly 
saturated with water the process is not very effective, as evaporation 
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takes place very slowly in these conditions. This is why a hot. 
humid climate is so difficult to bear. 

If the thermostatic arrangements fail, the chemical equilibria in 
the body are disturbed and the patient becomes ill. 


APPENDIX TO CHAPTER 111 

Observations on a Unimolecular Reaction. — Tn the presence of an 
excess c){ a strong acid, bromine water reacts with formic acid according 
to the equation : 

Biad ll.COOII =2HBr 1 CO., f . 

If the formic acid is in large excess in comparison with the bromine, 
the reaction appears to be unimolecular. 

In the following experiment a solution of sodium formate and 
hydrochloric acid was mixed with dilute bromine-water. P.eioie and 



Fig. 27. Course of a Unimolecular Reaction 


after mixing, the solutions were kept in a thermostat at j 8°. The 
initial concentrations of the mixture were: sodium formate*, 0-2 molar; 
hydrochloric acid, 3 molar; bromine -0034 molar (i.e. -0034 gram- 
molecules of Bfa per litrii). The initial volume of the mixture was 
500 C.C., and at ten-minute intervals from the time of mixing (at which 
/=o), 50 c.c. portions were withdrawn and analysed for free bromine 
by addition to excess of potassium iodide solution followed by titration 
against sodium thiosulphate. The table shows the results obtained : 
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Time in Minutes 

t 

Bromine Concentration 
(gram- molecules per litre) 

X 

1 ’OfU'! 

logx. 


0 

000340 

0 

— 

[TO 

000207 

00587 

0-0059] 

JO 

0 00241 

01498 

0 ot)75 

30 

000 1 07 

0 2368 

o-ooyi) 

40 

0-00 ib(> 

0 31 T 4 

0 007x8 

50 

0 ooT 39 

0 3885 

0 007*8 

bo 

0001 14 

0 474(> 

00079 

70 

000096 

0-5492 

0-007S 

80 

0 00075 

0 6564 

000S2 

90 

000065 

0-7186 

o-ooSo 

TOO 

0 00053 

08072 

0 008 1 


It IS obvious that tlie valiu* of k is approximately constant. Tn 
the diagram (Fig. 27) the bromine concentration is plotted against the 
time. Since the ro.iction never comes completely to an end, the curve 
is asymptotic to the axis of time. 
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Solutions. — The idea of solutions is familiar to every student of 
chemistry. Inorganic chemistry is in the main the study of fluids, 
and it is usually so much easier to dissolve a substance than to 
vaporize it that solutions play a predominant part. 

In this chapter we shall consider only liquid solutions, in which 
the solute or dissolved substance may be a solid, liquid, or gas. 
There is no rigid distinction between homogeneous mixtures of 
two liquids and a solution of one in the other, but it is usual to 
speak of solutions only when one constituent is present m large 
excess. For example 95 grams of w^ater and 5 grams of alcohol 
may properly be called a solution of alcohol in water, 50 grams of 
each is a mixture of water and alcohol, and 5 grams of water and 
95 grams of alcohol is a solution of water in alcohol. Most of 
the solutions with which we have to deal in inorganic chem- 
istry are aqueous solutions, not only because water is the most 
abundant solvent but also because it is the only one in which 
most inorganic compounds are sufficiently soluble. It is for this 
reason that the properties of aqueous solutions are of such immense 
importance to the chemist, and why their better elucidation in the 
course of the last forty or fifty years has been of so great a service 
to science. 

Solubility.— The phenomenon of saturation is so well known that 
it need not trouble us here. From the earliest times it has been 
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understood that a given mass or volume of solvent cannot dissolve 
more than a fixed weight of solute at a given temperature. By 
evaporating the solution or by cooling it this weight may often be 
exceeded, but the solution is then in an unstable state of super- 
saturation and by various devices can be made to deposit the 
whole excess of solute over the fixed weight. This deposition 
may be brought about by shock, or by introducing into the solution 
a fragment — the minutest particle is enough — of the solid solute 
or of a crystal isomorphous with it. The result of this process, 
which is called seeding or inoculation, is that crystals grow out from 
the solid particle. It is often possible to prepare solutions — for 
example those of calcium nitrate — so supersaturated that on 
inoculation they set solid. The weight of solute in unit weight or 
volume at a given temperature in equilibrium with excess of solute 
is called the solubility at that temperature: in other words, solubility 
is the composition of the saturated solution. Solubilities must 
always be measured in the presence of excess of the solute, as 
there is otherwise no means of maldng sure that the solution really 
is saturated, and sufficient time must always be allowed — it is often 
surprisingly long— to allow equilibrium to be established. At this 
point as much solute enters the solution as leaves it, and the con- 
centration of the solution therefore remains constant. Solubilities 
can be expressed in at least four ways, and it is important w^hen 
referring to them to make it quite clear which is intended. Using 
grams and litres the principal ways are: 

1. Grams solute per ml., 100 ml., or litre of solution. 

2. „ „ „ gm., 100 gm., or 1000 gm. of solution. 

3. „ ,, „ ml., 100 ml., or litre of solvent. 

4. „ ,, „ gm., 100 gm.. or 1000 gm. of solvent. 

Of these the first is usually the best, because for ordinary work 
solutions are usually made up by volume and the solubility is then 
a direct measure of the weight of solute required. To convert 
I to 2 or vice versa the density of the solution must be known, and 
to convert 3 to 4 or vice versa the density of the solvent. To 
coTwert I or 2 to 3 or 4 we must know the change of \’olume on 
adding the solute to tlic solvent. These distinctions are specially 
important in concentrated solutions, and such an expression as 
' a 20-per-cent solution ’ should never be used in exact work, as it 
may be misinterpreted. 

Effect of Temperature. — The process of solution is always attended 
by either the liberation or absorption of heat. From Le Chatelier's 
principle we know that the solubility of substances that absorb 
heat when they dissolve will increase with temperature, whereas 
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the reverse is true of substances that give out heat on solution. 
Most substances belong to the first class, and are more soluble in 



Temperature (Degrees centigradjs) 

Fig 28. TvricAL Soiubiliiy CuRViiS 


the hot solvent. Examples of both types are shown in Fig. 28. 
The behaviour of some substances is more complicated, and their 
solubility curves, that is, the curves obtained by plotting solubility 



Fig. 29. SoLUBJLny or Sodium Sulphate 


against temperature, show abrupt changes of direction. These 
breaks in the curve are due to the formation of compounds between 
solvent and solute which exist only between definite limits of 
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temperature. Sodium sulphate is one of the best examples of this 
behaviour, and its solubility curve is shown in Fig. 29. Above 
32° only the anhydrous salt crystallizes from sodium sulphate 
solutions, the hydrates being incapable of existence above this 
temperature. The anhydrous salt has a negative temperature- 
coefficient of solubility. Below 32“ two hydrates can exist, having 
the formulae Na2S04.7H20 and NagSO^.ioHoO, the former being 
the more soluble. If a solution of sodium sulphate is quickly 
cooled to a t(imperature at which it is supersaturated with respect 
to these hydrates, either may appear in the solid state, but the 
heptahydrate (Na2vS04.7H20) is precipitated more frequently than 
the decahydrate. It is nearly always found, in other systems as 
in this one, that when the crystallization of two forms is possible, 
the more soluble crystallizes first. This principle governs spon- 
taneous crystallization, but by inoculation with a crystal of the 
desired substance supersaturated solutions of sodium sulpliate can 
be made to deposit either hydrate at will. Inspection of these 
curves shows that in stating solubility it is essential to name the 
hydrate to which the measurements refer, i.e. the nature of the 
solid phase in equilibrium with the solution. 



Gms. Fe CI3 per 100 gms water — ► 

Fig. 30 Solubility of Ferric Chloride 

Hydrates. — The equilibrium conditions between salts and their 
solutions will be dealt with more fully when we come to the phase 
rule (Chapter V), but bnef allusion must here be made to the 
I ehaviour of salts whose hydrates are stable at their melting-points. 
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When these hydrates are heated the salt dissolves in its own water 
of crystallization, and the solubility curve shows a maximum. 
Thus ferric chloride dodecahydrate (Fig. 30) melts at 37°, and at 
this temperature the solid hydrate is in equilibrium with an aqueous 
solution of ferric chloride of the same composition. The hydrate 
in the solid or liquid state behaves as a chemical individual, and 
its melting-point is depressed by the addition either of water or 
of the anhydrous salt. The other hydrates behave in a similar 
way, and on plotting the solubility oi the anhydrous salt against 
the temperature we get the familiar cascade curve. The small 
figures above the maxima indicate the number of molecules of water 
associated with two molecules of ferric chloride. 

In the evaporation of ferric chloride solutions a series of fusions 
and solidiheations will be observed. As water is removed and the 
temperature rises each hydrate melts, and then solidifies as a 
mixture with the next hydrate when the water necessary to its 
existence has been driven off. Finally the last hydrate, FeCl;j.2H.X), 
is broken down, and the curve rises sharply with no further brcciks. 

Solubility and Chemical Composition. — No general quantitative 
law is known connecting the solubility with the other p)roperties 
of solvent and solute, and this is perhaps not surprising in view of 
the number and complexity of the factors which influence solubility. 
The dielectric constant of the solvent, the stability of hydrates or 
other compounds between solvent and solute, and the molecular 
condition of the solute in solution, all come into play. Relations 
are known for particular groups of compounds, but they are entirely 
empirical and are subject to exceptions. As an example we may 
mention Abegg's Rule that the solubility in water of the salts of 
the alkali-metals with strong acids decreases from lithium to caesium, 
while their salts with weak acids observe the reverse order. Sodium 
chloride, which over a considerable range of temperature is less 
soluble than potassium chloride, is an exception. 

Solubility and Chemical Behaviour. — In spite of the difficulty of pre- 
dicting it from theoretical considerations, the solubility of a substance 
in water is frequently of such importance as largely to determine its 
chemical behaviour. At equilibrium the concentration and conse- 
quently the active mass of a substance cannot exceed the solubility, 
and is a constant if the undissolved substance be present, so that 
in solutions it usually controls the course of any reaction taking 
place. For example, when solutions of silver salts and chlorides 
are brought into contact the immediate effect is the precipitation 
of the insoluble silver chloride. If a substance is insoluble in water 
it can usually be most readily prepared in a state of purity by 
precipitation, and the relative solubilities of salts can often be used 
for the purification of one or both. A good example is furnished 
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by the preparation of potassium salts from the Stassfurt deposits 
in Germany, which are believed to have been laid down by the 
evaporation of an inland sea. They consist chiefly of the chlorides 
of sodium, magnesium, and potassium, together with magnesium 
sulphate. The valuable constituents are the potassium salts, 
which are extracted by making use of the fact that in the neighbour- 
hood of 100® sodium chloride is less soluble than potassium chloride. 
Sodium chloride is readily deposited from the mixed solution, 
leaving the potassium salt with a small proportion of sodium and 
magnesium salts, which can be still further reduced by crystallization 
and washing. 

The solubility of gases decreases with rising temperature, and 
if a gas cannot be expelled from a solution by boiling it is probably 
combined with the solvent. 

Becrystallization. — Recrystallization, perhaps the most commonly 
used of all methods of purification, requires the use of a solvent in 
which the solubility of the substance to be purified has a high 
positive temperature-coefficient. A saturated solution in the hot 
solvent is prepared, and as large a proportion as possible of the 
substance is recovered by cooling the solution and collecting the 
precipitate. The impurities remain in solution, as they are not 
present in sufficient quantity to form a saturated solution. Never- 
theless some of the impurity usually finds its way into the preci- 
pitate, particularly if it is isomorphous with the substance to be 
purified, and as isomorphous substances are those most likely to 
occur as impurities, recrystallization is usually carried out more 
than once. If the substances form mixed crystals in all proportions, 
recrystaUization as a means of purification is much reduced in value. 
The most serious disadvantage of the method is the loss of material 
entailed, and if the supply is limited it is worth while going to some 
trouble to find a solvent in which the temperature-coefficient of 
the solubility is sufficiently large to reduce the loss to a minimum. 

Osmotic Pressure. — A fundamental property of solutions is the 
osmotic pressure, and though the difficulty of measuring it directly 
has been a bar to its practical use, yet its consequences are of the 
greatest practical importance. Osmosis was described by Du- 
TPOCHET in 1726, and again in 1750 by the ABBii Nollet, whose 
treatise on physics enjoyed a wide circulation in the eighteenth 
century. Nollet found that if water and spirit of wine were 
separated by a bladder, the water would pass through the bladder 
to dilute the spirit of wine, and if this was confined in a glass 
vessel would cause the bladder covering it to expand and burst. In 
1867 chemical membranes were prepared for the first time by 
Moritz Traube, and were employed by the botanist Pfeffer in 
his famous series of measurements of osmotic pressure. He used a 



134 THEORETICAL AND INORGANIC CHEMISTRY 

membrane of copper ferrocyanide, precipitated within the pores of a 
clay vessel by filling it with a solution ol potassium ferrocyanide and 
immersing the whole in a solution of copper sulphate. The improve- 
ments introduced by later workers included the passage of an electric 
current from one solution to the other while the membrane is being 
formed, and the use of higher pressures in forming the membrane. 

Membranes which allow the passage of solvent but prevent that 
of dissolved substances are termed semi-permeable with respect to the 
solvent and solute. It is found that if a porous pot in which such a 
membrane has been precipitated be filled with, say, cane-sugar 
solution and immersed in water, then the water will pass into the 
pot through the membrane and will dilute the sugar solution. The 
latter will rise tr) a height that may reach several feet unless pressure 
be applied to it to prevent it. Theoretically the sugar solution will 



Fig 3T Berkri.fy and Hartley's Apparatus (Diagrammattc^ 

rise to such a height that the osmotic pressure exactly balances the 
tendency to osmosis, but the difficulty of preparing membranes 
that will stand a large pressure on one side has prevented the general 
use of this method for measurement. To serv^e for an accurate 
determination of osmotic pressure a membrane must be perfect in 
two senses: (i) it must be macroscopically continuous without 
apertures, (2) it must be perfectly semi-permeable, i.e. it must be 
completely impervious to solute. One can hope to satisfy the first 
requirement by careful attention to detail in the preparation, but 
the second presents difficulties unsurmounted to the present. The 
facts are that for a direct measurement of the osmotic pressure of 
aqueous solutions there is only one possible solute — cane-sugar — 
and only one membrane — copper ferrocyanide. Other membranes 
are never perfectly semi-permeable to any simple solute in aqueous 
solution, while copper ferrocyanide is strictly impervious only to 
cane-sugar. Hence direct osmotic data, although now very full 
and accurate for the materials mentioned, are exceptionally meagre 
in respect to variety of solute or solvent. In the apparatus used by 
the Earl of Berkeley and E. G. J. Hartley, an external pressure 
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exactly sufficient to prevent motion of water through the membrane 
is applied to the solution. The osmotic pressure of the solution is 
then represented by the external pressure, and dilution of the 
original solution by the entry of water through the membrane is 
avoided. The mernl^rane was precipitated in a porcelain tube (see 
diagram) which contained the solution and was enclosed in a cylin- 
drical vessel containing water. Pressure was applied to a narrow 
tube connected with the solution until the liquid level in the narrow 
tube had no tendency either to rise or to fall; the pressure necessary 
to bring this about is the osmotic pressure. The chief advantage 
of this method of operation lies in the saving of time required to test 
the ‘ perfection * of a prepared membrane. If the membrane is 
defcctiv^e it will not usually fail entirely to promote osmosis, but the 
pressure registered will fall short of the true pressure. Hence the 
only way to ascertain the true (maximal) pressure is to prepare and 
test a number of membranes, and as, in the classical method of 
Pfeffer, the maximum pressure is very slowly reached, experiments 
by this direct method are cxtremelv prolonged and tedious. 

Vapour Pressure. — It is well known that the vapour pressure of 
solvent over solutions is lower than that over the pure solvent. 
The boiling-point of a solution (of non-volatile solute) is above 
that of the solvent, because the boiling-point is the temperature 



Fig. 32. Vapour Pressure and the Boiling-I’oint 

to wliich the liquid must be raised to make its vapour pressure 
equal to (standard) atmospheric pressure. The diagram (Fig. 32) 
shows the variation of the vapour pressure of water, and that of 
two aqueous solutions, with the temperature, the boiling-points 
being indicated by the points A, and Bj, where the curves 
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cross the 760-mm. mark. It is suggested by the diagram, and 
can be rigidly proved by thermodynamics, that for small concentra- 
tions AB is proportional to AC, that is, the rise in the boiling-point 
is proportional to the decrease of the vapour pressure. The same 
considerations apply to the lowering of freezing-point, and both 
conclusions have been abundantly verified by experiment. A 
mixture containing a total of n gm.-mols., of which n—n^ are of the 
species A and «b of the species B, may be regarded as derived from 
n gm.-mols. of A by the withdrawal of mb of its mols., and their 
replacement by ne gm.-mols. of B. On this simple view we should 
expect the vapour pressure of A to be reduced from to 
^a-Wa/(wa+wb)=^a-A’a. is termed the molar fraction of A in 
the mixture. The same argument is applicable to the vapour 
pressure of the second constituent B. Hence wc should have for 
the partial pressures and^n' arising from the mixture 

— Nb), 

Pb ' ^P\\Nb — Aa) » 

whence, if we express the reduction of vapour pressure by 
^PaIPa==Nb» and ^PbIPb=N a- 


The expression ^pjp is known as the relative lowering of the vapour 
pressure. If B is effectively non-volatile, then px is the total 

vapour pressure over the solution. The 
ro truth of the above theory may be in- 

A g directly tested by tracing a relation 

g ^ between osmotic pressure and lowering 

g ^ Solution qI vapour pressure. 

^ Calculation of Osmotic Pressure. — 

^ Consider a solution of a non-volatile 

h g solute in equihbrium with the pure 

% solvent and communicating with it 

M through a semi-permeable membrane 

= which allows the solvent molecules to 

p pj pass through it freely but cannot be 

penetrated by the solute (Fig. 33). The 
solution will rise above the level of the 
L, solvent to a height proportional to the 
g == W rane pressure. Call this height h. 

— ^ Let Pi and pQ be the vapour pressure 

Fig. 33. Vapour Pressure ^f the solvent and solution respectively, 
and' Osmotic Pressure and the density of the solution. Let 

d' be the density of the vapour. 

If we assume that p^ p^ — 6/> is small enough for the 
variation of the vapour density d* in the vapour column to be 


- Solvent 
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Qegligible, and that the vapour obeys the ideal gas law, then 
we have 

pV=RT, V=Mlci\ and hd^^Fl 

where M is the molecular weight oi the vapour, and /7 the osmotic 
pressure. Together these equations give 

nid={RTIM) (bp/p) = (Rr/M)N„= (constant)A^^. 

This result may now be submitted to experimental proof by using 
the data on the osmotic pressure of aqueous solutions of cane-sugar 
collected in the table below. The first line, labelled m, gives the 
composition of the solution as gram-molecules of sugar per kilogram 
of water. 


m 

0*2 

0*4 

0-6 

0*8 

1*0 

d { i 5 ^) 

1025 

1*049 

1*070 

1*090 

i*io8 

II (atm , 15^*) 

503 

ic-03 

15*27 

20*72 

26*42 

ntd 

4 91 


14*27 

1901 

23-85 

{ U I d ) m 

245 

23-9 

23 8 

23*8 

23-85 


Osmotic Pressure ok Cane-sugar Solutions 


The solutions shown in the table are sufficiently dilute lor the 
quantity m, which is proportional to the molar ratio in the solution, 
to be set equal to the molar fraction, within the limits of error in 
the determinations of the osmotic pressure. The quotient in the 
last line shows by its constancy that our theoretical result is ex- 
cellently confirmed. 

When N t, becomes vanishmglv small, the density d will be that of 
the pure solvent, and our expression for the osmotic pressure is 
easily shown to reduce to 

where is the volume of solution (or solvent) containing i gm. mol. 
of the solute. This simplified equation, strikingly analogous to 
the ideal gas law, may be used for an approximate calculation of the 
osmotic pressures of solutions more dilute than about o-i gm. mol. 
per litre. It is of interest to calculate, from the simplified equation, 
the osmotic pressures of the solutions given in the above table: 


m 

0*2 

0*4 

0*6 

0-8 

i-o 

11 (obs.) 

.V03 

10*03 

15-27 

20*72 

26*42 

n (calc.) 

4*53 

8*72 

12-59 

16*17 

19*50 


The very large errors must be ascribed to the falsity of the simple 
law, and not to a failure in the fundamental premises about the 
relative lowering of vapour pressure, for a constant and accurate 
estimate of the molecular weight of cane-sugar (342) is obtained 
from the freezing-points of all the above solutions (see below). 

The following example will make clear the calculation of the 
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osmotic pressure of a solution of sufficient dilution. Pfeffer 
measured the osmotic pressure at 36^" C. of a solution containing 
()’gg gm. of sugar per litre of solution. Since the molecular weight 
of sugar is 342, the volume containijig a gram-molecTile of the 


solute is litres '54-2 hires. As a consequence of the formal 

g-gg 

analogy between the gas law R 7 ' and the simplified osmotic 
law / 7 Vs= 7 iT, the osmotic pressure is equal to the pressure of one 
mole of gas at 36'^ and occupying a volume of 34-2 litres, whicli is 
22*4 X 

^ —X 760 = 564 inm. of mercury. The osmotic pressiirt^ 

273x34-2 / j 1 


found by experiment was 567 mm. of mercury— a difference of kss 
than I per cent. 

Freezing- and Boiling-points. — We have seen above (p. 135) that 
the. depression of freezing-point, or the elevation of hoiling-jinmi , 
of a solution ST is proportional to the lowering of vapour pr(‘ssun‘ 
6/), and this in turn is proportional to the molar fraction of the 
solute A: 


f) 7 '=^/q 5 /)=A’oAfA (/vi and k., constants). 

If the solutions are dilute enough for these relations to hold, the 
approximation of setting equal to the molar ratio 

haIjiu will entail an error less than the probable error in the measun'- 
ments of the boiling- or freezing-points. Mb being tlu^ molecular 
weight to l)t‘ assigned to the solvent, aiifl Iha its weight m grams, we 
have nQ'—Wu/ M Hence we may write 

6r=(/o,MiO.'WA/TFB. 

Thus for a given weight of a given solvent B the value of 57 ' depends 
only on the number of solute molecules, and not upon tlieir chemical 
nature, a conclusion reached by Kaoult upon experimental grounds 
as early as 1882. For different solvents we see that 

^T—KBriA/Wn {K\i a specific constant). 

The constant may be calculated by the methods of thermo- 
dynamics, and is then found to contain Mn in the denominator. 
Hence Kn, although of value specific to a solvent, docs not in fact 
involve the molecular weight of the solvent. 

The value of Kb can be found by experiments with solutes of 
known molecular weight, and the relation then ap|)lied to the 
determination of the molecular weights of other substances. It is 
important to remember that what we actually determine is the 
weight of the solute particle in terms of the hydrogen atom, and 
that this will only be the true molecular weight when the solute 
exists in solution in the form of single molecules. 
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The proponionality factor Kb varies from solvent to solvent, 
and is called the molecular depression of that solvent when measured 
in terms of the following units: lOO gm. of solvent and i gm.-moJ. 
of solute. It is not strictly correct to define the molecular depres- 
sion as the lowering of freezing-i)oint produced in loo gm. of solvent 
by the addition of i gm.-mol. of solute, since such a solution would 
be far too concentrated to obey the laws of dilute solutions, even 
supposing that the solute were soluble to this extent. An example 
will make the matter clear. 

The molecular depression of water is i8*6°. A solution of 21*96 
gm. of ethyl alcohol in looo gm. of water freezes at —0*826°. What 
is the molecular weight of ethyl alcohol? 

Let the molecular weight be M. Then the solution contains 


gm.-mols. of alcohol in 1000 gm. w^ater, or 


gm.-mols. in 


100 gm. water. The depression 
of the freezing-point should 
therefore be: 


i8*6x' 


— 0*826. 


boiling solvent 




0-826 ■ / \ n ,, 

(C.I1„0=-46). ( ) 

Determination of Boiling- \ / 

point.-Tlie boiling-point of -Thermometer 

solutions is less frequently 
determined than the freezing- 

point because of experimental : - - Graduated 

difriculties. A thermometer d - tube 

placed in the vapour of the eJ-: ' 

boiling liquid would register , zli 

only the boiling-point of the - 

solvent, and it must there- I- 

fore be placed in the liquid, V J 

wdiich is liable to become 

superheated. This difficulty I Vat>our 

can be avoided or minimized | exit 

by some device which causes 

a very intimate mixture of the 34 - Apparatus for Mrasitrino 

vapour with the boiling sol- Boiling-point of a Solution 

vent. Of this type of device 

the Landsberger apjiaratus (Fig. 34) is the simplest, hut has now 
given place to more ( ompact forms of apparatus, d he Landsberger 
apparatus is so contrived that the boiling solution is surrounded by 


I'lG 34. Apparatus for MuASURiNr, 
THE Boiling-point of a Solution 
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a vapour-jacket which prevents loss of heat to the air. Since 
vapour condenses in the solution, its initial and final volumes are 
not the same, and the tube is usually graduated so that the resulting 
dilution can be calculated. 

Determination of Freezing-point. — The freezing-point of a solution 
can be measured with a high degree of accuracy. The apparatus 

used in the commonest method is sho^\^l 
in Fig. 35. The Beckmann thermometer 
is a differential instrument with a large 
thin-walled bulb, a long scale graduated 
in hundredths of a degree and covering 
only five or six degrees, and a mercury 
reservoir at the top which allows the 
mercury in the bulb to be augmented 
or diminished, so that the thermometer 
can be used for different solvents. With 
the help of a lens the temperature can 
be read to one-thousandth of a degree. 
When the thermometer has been set, 
the scale - reading corresponding with 
the freezing-point of the pure solvent 
is determined; some of the solute 
is then introduced through the side- 
tube and the new freezing-point 
measured. The solution may be made 
up to a fixed concentration by weight 
Fig. 35. Apparatus for or volume, or its concentration may be 
Measuring the Freezing- detennined by analysis after the ex- 
poiNT OF A Soi-uTioN perimcnt, as may be most convenient. 

An air-jacket separates the solution 
from the surrounding freezing-mixture. At the freezing-point the 
solution is in equilibrium with ice (or the solid solvent) —a point 
which will be more fully discussed in Chapter V — and when this 
point is reached the temperature remains constant for some time 
and can be noted. 

In the second method, due to Richards, a flask is filled with a 
mixture of the solution and finely-crushed solid solvent — e.g. ice 
— and surrounefed by a freezing-mixture. The temperature drops 
to the point at which the solution is in equilibrium with the solid 
solvent — i.e. to the freezing-point — and remains steady there. A 
little of the solution is then withdrawn from the neighbourhood of 
the bulb of the thermometer and analysed. 

Molecular Weight of Electrolytes in Solution. — These methods 
have been of great service in the determination of molecular weights, 
especially in organic chemistry. Many substances were found to 
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be associated in solution, that is, the molecular weight calculated 
in this way was found to be greater than that of the simple 
molecule. Thus acetic acid, CH3.COOH, in benzene exists largely 
in the form of double molecules, as does benzoic acid, QH5.COOH, 
m toluene. These results are not unexpected, and are often in 
agreement with the molecular weight of the vapour calculated 
from vapour-density measurements. But the behaviour of solu- 
tions that were good conductors of electricity, viz. solutions of 
strong acids and bases or of salts, was found to be anomalous. 
It was observed, for example, that the lowering of the freezing-point 
of water produced by adding a known small quantity of sodium 
chloride to it was very much greater than — in fact nearly twice as 
great as — similar measurements on organic solutes such as sugar 
would lead one to expect. Van unable to account for these 

results by any experimental defect, was obliged to accept them as 
anomalous, and they received no satisfactory explanation till 1887, 
when by a single brilliant suggestion the young Swedish chemist 
Arrhknfus reduced the subject to order. His theory of electrolytic 
dissociation is one of the great landmarks of chemical history, and 
is the basis of all modern work on solutions. Like many other 
theories which have now become familiar to us, it was in its day 
regarded as startling and strange, but though the first opposition 
was violent Arrhenius was able to support his ideas with so much 
evidence from experiment that in a few years they had become a 
recognized part of chemical knowledge. Since that time it has been 
necessary to modify the original conception in many important 
respects, and the theory has been exposed to much criticism, 
which though healthy has not always been well informed. This, 
liowever, it has survived, and later in the chapter we shall give a 
short list of the experimental evidence in its support. Our treat- 
ment of solutions throughout the book will be based on the modern 
form of tlie theory — which indeed is universally current — but the 
student should remember that what now appears comparatively 
simple may in later years reveal unsuspected complications. The 
more closely the experimental data are studied the more puzzling 
do some of them become. The dissociation theory provides us 
with a guiding principle, but we must often fall back on other 
considerations. The true test of the theory is its usefulness in 
interpreting the results of old exix^riments and predicting the results 
of new ones. 

The Dissociation Theory. — Arrhenius suggested that when an 
electrolyte such as sodium chloride was dissolved in water it was 
at least partially dissociated into sodium and chlorine ions, con- 
sisting of atoms carrying equal and opposite electrical charges. 
The obvious criticism was raised that sodium could not exist in 



142 THEORETICAL AND INORGANIC CHEMISTRY 

the presence of water, with which, as is well known, it violently 
reacts; but it was pointed out that whereas sodium atoms react 
with water this does not prove that the same atoms would do so 
when electrically charged. The question of the charge on ions 
is intimately connected with work on the electrical conductivity 
of solutions, and the great success of Arrhenius’s paper was due to 
the agreement he was able to produce between osmotic and con- 
ductivity work, so that before we can understand the real signifi- 
cance of dissociation we must deal with the behaviour of solutions 
under the electric current. 

Faraday’s Laws of Electrolysis. — This, like many other branches 
of electrical science, was first accurately investigated by Faraday, 
and the principal results of his researches are embodied in his laws 
of electrolysis. These laws state that the ma^s of any substance 
liberated by electrolysis is proportional to the electrical charge employed 
and to the chemical equivalent of the substance. Their precise 
implication can best be understood from example. 

Let a copper plate be immersed in a solution of copi:)er suljihate 
and connected to the negative pole of a battery whose positive 
pole is connected to a platinum wire dipping in the solution, and 
let there be also included m the circuit a solution of silver nitrate 
with a silver cathode. When the current passes, silver and copper 
will be deposited on the cathodes at tlie expense of the electrolyte. 
From Faraday's laws we learn that tlie number of coulombs which 
pass is proportional to the weight of silver, and also to the weight 
of copper, deposited, so that a steady current will deposit a weight 
of metal proportional to the time for which it is allowed to flow. 
Further, the weight of copper to silver is in the ratio of the chemical 

equivalents of these metals, that is, or 31-8 to 107-9. Similar 

deductions have been exhaustively tested by experiment and are 
found to be rigorously true. The theory of dissociation tells 
us why. 

It is assumed that a solution of silver nitrate contains positively- 
charged silver atoms, or silver ions, and negatively-charged nitrate 
groups, or nitrate ions. They may be symbolized Ag+ and NO.^“ 
or Ag’ and NO3'. The positively-charged silver ions will be electro- 
statically attracted to the negative pole or cathodi'; when they 
reach it they give up their charge to the cathode and are converted 
to silver atoms which adhere to it. The passage of the current 
consists then, so far as the solution is concerned, of the transference 
of positive charges from the solution to the cathode; negative 
charges are simultaneously transferred to the anode from the 
solution, which therefore remains electrically neutral. If each silver 
ion carries the same charge, the weight of silver deposited will be 
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proportional to the total charge that passes round the circuit, in 
accordance with Faraday’s law. The second part of tlic law will 
also be in agreement with theory if the copper ions (copper is 
bivalent) each carry twice the charge of the silver ions. It is also 
necessary that each copper ion should carry twice this unit charge 
if each of the negatively-charged ions in, say, a molecule of copper 
nitrate is to receiv^e an equal unit charge of opposite sign. 

Magnitude of the Ionic Charge. — If we calculate the value of this 
hypothetical unit charge a most significant value is obtained. 
The actual as well as the relative weights of atoms are kntjwn, and 
if we divide the number of coulombs required to deposit a given 
weight of metal by the number of atoms in the same w’-eight of 
metal we can find the charge, in coulombs, carried by each atom 
or ion. In accordance with Faraday's law this \'alue is the same 
for all univalent ions, but twice this value for bivalent ions, and 
so on. Its magnitude for univalent ions is i-5o2X io‘^® coulombs, 
a charge precisely equal to tliat obtained by physical methods 
and calculations as the charge of the electron, or unit particle of 
negative electricity. It follow^s that an atom is converted into an 
ion by the addition or removal of electrons in number equal to the 
valency ot the atom. Thus in silver nitrate the silver atom has 
transferred one electron to the nitrate group; the silver ion con- 
sequently has a unit positive charge and the nitrate ion an equal 
negative cliarge. In copper nitrate the copper atom has lost two 
electrons, one to each of the nitrate groups, and therefore carries 
twice the charge of the silver atom. 

The charge necessary to deposit a gram-equivalent of a metal 
from its solutions is called a faraday\ it is equal to 96,490 
coulombs, and its symbol is F. 

Osmotic Effect of Electrolytes. —An ion, like an undissociated 
molecule, is effective in producing an osmotic pressure, and in 
lowering the freezing- or raising the boiling-point of a solution; 
so that if the molecular weight of a dissociated solute be deter- 
mined by the freezing-point method it will ap])ear lower than the 
formula weight. If the dissociation theory is correct, only those 
substances whose aqueous solutions conduct the electric current 
should give abnormal values for the molecular weight determmed 
by the freezing-jioint method in water; and this is lound to be so. 
By comparing the apparent with the true molecular weight it 
should be possible to calculate to what extent Ihe substance is 
dissociated; we shall return to this point when we have more closely 
egnsidered the process by which the current is carried. 

Electrical Conductivity. — The power of a solution to conduct the 
current is determined by measuring its resistance in a Wheat- 
stone’s bridge in much the same way that we should measure the 
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conducting power of a metal. The solution is contained in a glass 
cell fitted with parallel plates, usually of platinum, and the whole is 
balanced against a known resistance in the other arm of the bridge. 
To avoid polarization an alternating current was used from a small 




Conductivity Cell 

Fig. 36 


induction coil or buzzer, but more recently a valve oscillator has been 
preferred. For conductivity measurements the solvent must be 
prepared in a state of special purity, since the carbon dioxide and 
ammonia that it may absorb from the atmosphere are sufficient to 
give it a marked conductivity. The purest water was prepared by 
Kohlrauscii and Heydweiller by nineteen distillations in an 
evacuated platinum apparatus, and since that time many stills have 
been designed with the same purpose. Since water dissolves a 
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little free alkali from ordinary glass, a less soluble material, such as 
hard glass, fused silica, or block tin, must be used, and in most of 
the successful stills the water, after distillation from alkaline per- 
manganate to remove organic matter, is boiled and fractionally 
condensed in a current of pure air. Conductivity-water must be 
carefully protected from atmospheric contamination. 

The arrangement of the circuit is shown in the diagram (Tug. 36), 
together with two good types of cell. In the Hartley cell the 
pure solvent can be preserved from atmospheric contamination by 
blowing pure air free from carbon dioxide through B while a con- 
centrated solution of the electrolyte is introduced through A. 
The plates are made of sheet platinum coated with grey platinum, 
and are held in place by small pieces of glass at each corner; 
by rotating the cap to which they are attached the electrolyte 
can be stirred. 

The specific conductivity of a solution is defined as the current 
which would flow between opposite faces of a centimetre cube oj the 
solution at unit potential difference (i volt). Provided that polariza- 
tion is prevented, solutions obey Ohm's law, hence the resistance 
can be found in a Wheatstone's bridge (though at very high 
potentials deviations from Ohm’s law occur, the explanation oi which 
is not yet understood). The specific conductivity of a solution is 
found by observing its resistance in the cell, and comparing it with 
the resistance of a solution of known specific conductivity, usually 
a standard solution of potassium chloride, in the same cell. This 
is both easier and more accurate than the measurement of the 
dimensions of the platinum plates and of the distance between 
them. Since conductivity is much affected by temperature, the 
cell must be kept in a thermostat. In a separate experiment the 
specific conductivity of the solvent is measured and subtracted 
from that of the solution; this gives the specific conductivity due 
to the electrolyte alone. The re.sults are more significant if we 
divide the specific conductivity by the concentration, in gram- 
molecules per C.C., to give the molecular conductivity, or in gram- 
equivalents per c.c. to give the equivalent conductivity. For 
‘ univalent ' electrolytes the results are identical. The molecular 
conductivity is proportional to the current carried under unit 
potential gradient (i volt per cm.) by the ions into which the 
molecule has dissociated. It represents, in fact, the average 
current carried under these conditions by the products of the 
dissociation of each molecule, and consequently varies with the 
concentration of the solution. At the moment we shall do no 
more than observe that the molecular conductivity increases as 
the solution becomes more dilute and reaches a maximum at what 
is called ' infinite ’ dilution, though a large class of electrolytes 
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is not sufficiently dissociated to approach this condition in any 
solution on which measurements can be made. 

The Law of Independent Mobility of Ions. — The ecpiivalcnt con- 
ductivity at infinite dilution cannot be directly measured and must 
be determined by extrapolation of results from solutions as dilute 
as possible. The investi^i^ation was carried out by Kohlkausch 
in a series of researches whose accuracy, in spite of later improve- 
ments in technique, comj)arcs favourably with that of much modern 
research. His work was the foundation of the theory ol conduc- 
tivity and resulted in the important generalization known as the 
Law of Independent Mobility of lorn. He found that the equivalent 
conductivity of an electrolyte at infinite dilution was the sum of 
terms due to each ionic species, the term for each ion being a 
constant in all its solutions. 'I'he meaning of this observation can 
be explained by an example. Kohlrausch's value for the equivalent 
conductivit}^ of potassium chloride at 18° and infinite dilution was 
129-1. If we represent the parts of this conductivity due to the 
potassium and chloride ions by /xk* and /xq' respectively, we 
have, if the law is true: 

ftK- + pci'--120-I (l) 

Similarly the value for sodium chloride is io8-i, so that with the 
same notation: 

(2; 

For sodium nitrate: 

/>«'Na* + /^N03'~ 104*6 (3) 

Assuming the law to be true, we arc now in a position to calculate 
the equivalent conductivity of potassium nitrate from these data, 
and to compare our result with experiment. The value should be' 

but from (2) and (3) : 

Mno 3 '"/xci'— 3’5 

so that: 

/>tK' + MN 03 '— /XK* + /XCl'— 3 ' 5 - 129-1 “ 3 * 5 — 125-6. 

The value found by expeiiment is 125-5, autlientic case 

has been produced of an exception to the law, which has been 
verified in both aqueous and noii-aqueous solutions. 

The current carried by an ion depends on two things only, viz., 
on the charge and on the speed with which it moves through the 
solution. It is obvious that ions carrying, say, a unit electronic 
charge will deliver twice as great a charge at the electrode in unit 
time if they move twice as fast as other similar ions, and hence will 
carry twice the current. Kohlrausch’s equivalent conductivity 
at infinite dilution does in fact represent the sum of quantities 
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proportional to the speeds of the ions. Later on we shall show how 
these speeds can be measured, and shall discuss the interesting 
conclusions to which the results seem to point. 

Ostwald’s Dilution Law. — Arrhenius believed that all electrolytes, 
except in the hypothetical condition of infinite dilution, were 
incompletely dissociated, and he pointed out that their degree of 
dissociation sliould be calculable at any concentraion by measuring 
the ratio of tlie equivalent conductivity at this concentration to 
the equivalent conductivity at infinite dilution. The degree of 
dissociation a represents the fraction of the molecules of the solute 
dissociated at any concentration. At infinite dilution the equi- 
valent conductivity of an electrolyte such as acetic acid will be 
fW+fJ-Ac, but if at a given dilution only a fraction a of the acid 
is dissociated into hydrogen ions and acetate ions, then the equi- 
valent conductivity at this dilution will be Calling 

the equivalent conductivity at infinite dilution and at a dilution 
V, Aoc, and Av, we have that: 

A,^ and: 

Av^^a(/XH*1 /^Ac') 


or: 



(A) 


and it is from this equation that the apparent degree of dissociation 
can best be calculated. 

Ostwald jKiintcd out that the dissociation of an electrolyte into 
ions was an equilibrium that should be subject to the law of mass- 
action. Thus the dissociation of acetic acid: 


CH,.COOH;FHr-f CII3.COO' 
ought to obey the equation: 

[CH^.COO'J [H*l 
[CHg.COdHJ * 

where the square brackets denote equivalent concentrations and 
K is a constant. If the dilution is F, that is, if one gram-molecule 
of acetic acid is dissolved in V litres of water, and the degree of 
dissociation at this concentration is a, then [Cll3.COO'J-^[H’] 

= “, and [CIl3.COOII]--p“ so that: 


V V a* 

or - - 

I - a (l — aH 


K. 


( 5 ) 
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This equation is known as Ostwald's Dilution Law. It shows how 
the degree of dissociation a varies with the concentration, and was 
tested by Ostwald for 250 organic acids in water and by Bredig 
for fifty weak bases. The application of the law to these substances 
was entirely successful, and each of them gave a value for K con- 
stant within the error of the conductivity determinations from 
which a was calculated from equation (4). Thus, for acetic acid 
K was found to be about i*8xto-^ at 18°. This means that in 
tenth-normal solution (F==io) only about one molecule in seventy 
is dissociated, while in one-hundred-thousandth normal solution 
(which is near the limit of dilution for conductivity work) the 
dissociation reaches 95 per cent. K is called the dissociation- 
constant of the electrolyte, and its value has a very great influence 
on the chemical properties of the substance. 

Acids Bases 

Acetic acid . . 2 X 10“^ Hydrazine . • 3 X io~® 

Hydrocyanic acid . 7x10“^® Methylamine , 5 v io“® 

Citric acid . . 8 x io“® Aniline . . 5x10“^® 

Benzoic acid . 7 X io~* 

Phenol . .IX 10“^® 

Dissociation-constants of some Weak Acids and Bases at 18*" 


The following will serve as an example of calculations based on 
these figures. Example: At a dilution of 50 the equivalent con- 
ductivity of a certain weak monobasic acid is 9*23, while at infinite 
dilution its equivalent conductivity, calculated from the moliilities 
of the constituent ions (p. 153), is 387. Calculate: (i) The dei^ree of 
dissociation at this dilution, (ii) The dissociation-constant of the 
acid, (iii) The concentration of hydrogen ions in the solution. 


(i) Call the acid HA, and let its dissociation-constant be K. 
Then with the previous notation: 


Av ^9*23 
Ao. 387 


— 0-0238, or 2-38 per cent. 


(ii) The concentration of undissociated acid, in gram-molecules 
per litre, is (ioo~2-38)- -97-62 per cent of _^=o-oi952. Hence: 




[H-] [A'] V 50 y 


=i-i6x 10“®. 


[HA] -01952 
(iii) The concentration of hydrogen ions, as above, is: 
•0238 


50 


-=4-8xio-‘. 
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The Anomaly of Strong Electrolytes. — ^'fhe triumphant success of 
the Ostwald dilution law, as applied to the conductivity of weak 
acids and bases in water, left no doubt that the dissociation theory 
as originally propounded contained at least an element of truth. 
It was, however, obvious from the first that the dilution law broke 
down completely when applied to strong electrolytes, that is, to 
all salts and to strong acids and bases. These were proved by 
Kohlrausch to follow, in dilute solutions at least, the equation: 

where k is constant for the electrolyte and C is the equivalent 
concentration. is found by carrying the measurements to the 
highest practicable dilution and then plotting A against C*: a 
straight line is obtained which when produced backwards cuts 
the conductivity axis at (Fig. 40, p. 156). This implies a 
much less rapid decrease in the equivalent conductivity with rising 
concentration than is provided for by the dilution law, so that 
even at concentrations of N/io strong electrolytes will be exerting 
a considerable fraction— say 70 per cent upwards — of their maxi- 
mum conducting power. The values of the degree of dissociation, 
a, obtained by dividing Av by Aoo, do not even approximately 
obey the law of mass-action, but are generally in approximate agree- 
ment with the values obtained by freezing-point measurements. It 
has already been pointed out that it was the anomalous molecular 
weights of strong electrol3des as determined by the freezing-point 
method that led Arrhenius to the enunciation of his theory. The 
anomaly is due to the dissociation of the solute, and by comparison 
of the true and apparent molecular weights the degree of dissocia- 
tion can easily be determined. Before Ostwald's work the agree- 
ment between the values of a determined by the conductivity and 
freezing-point methods was Arrhenius's strongest argument for 
the validity of his theory, but for many years the difficulty remained 
— it was called the anomaly of strong electrolytes — that the mass- 
action law was obeyed only by electrolytes whose dissociation was 
very slight, that is, by the weak acids and bases. 

Tte Complete Dissociation Theory. — In 1902 Suthei^land took 
the fiT-st step towards the solution ol the problem, though for many 
years his views did not obtain anything like general currency. He 
pointed out that it was reasonable to suppose that the ionic charges, 
which exert forces very powerful in comparison with the gravita- 
tional forces, were not without effect on the properties of the solu- 
tion. He suggested that strong electrolytes were completely dis‘ 
sociuted at all concentrations, and that the change in equivalent 
conductivity with concentration was due to the variation in the 
mean distance between the ions and its effect upon the forces 
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between them. In 1912 Milnek showed that this view was in 
quantitative agreement with the results of freezing-point measure- 
ments, and evidence was slowly collected from other branches of 
physical chemistry. In 1923 Debye and Huckel published a 
mathematical analysis of the problem as interpreted by conduc- 
tivity measurements, and more recently Onsager has effected a 
further advance by taking into consideration the thermal agitation 
of the 10ns. 

Debye and Hiickel’s Theory. — In these calculations two modifica- 
tions are imposed upon the velocity of a particle of known dimensions 
moving under a given potential gradient through a medium of 
known viscosity, viz. (i) The arrangement of ions in a solution 
resemliles to a slight extent that in a crystal, m that electro.static 
forces cause every ion to be surrounded by a slight preponderance of 
ions of opposite sign. Since the ions are in motion this causes 
an excess opposite charge to linger in their rear, and so retards 
them. (2) The stream of ions moving in an opposite direction 
has a retarding effect. Calculations on this basis lead to Kohl- 
rausch's relation, Av"“Aoo— Ai.C^ for very dilute solutions, and 
from the value of k the ionic radii can be deduced. This is, up to 
the present, the most successful attempt to account for the con- 
ductivity of strong electrolytes; it succeeds in aqueous solutions 
and is in good agreement with the results of investigations on 
many non-aqueous solutions. Corrections of this kind are scarcely 
necessary for weak electrolytes, in solutions of which the ionic 
concentrations are too small for the interionic forces to be of 
much importance. 

Transport Numbers. — We have seen that ionic mobilities are 
proportional to the currents carried by ions under the same poten- 
tial gradient. The fraction of the total current which each ionic 
species carries is called its transport number (symbol T). Thus in 
potassium chloride the transport number of the potassium ion is 

— and that of the chlorine ion — The 

H'K’+H'Ci 

equivalent conductivity at infinite dilution of potassium chloride is 
/AK*+/ici', so that if the transport number of one ion in one solution 
is known, the rest can be calculated from conductivity measure- 
ments. Apart from conductivity three methods are a\^ailable: 

1. The HittorJ method. 

2. The moving boundary method. 

3. The electromotive force method (p. 255). 

I. In the so-called Hittouf method, in which the change in 
concentration round the electrodes brought about by electrolysis 
is measured, the solution is confined in an apparatus designed to 
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prevent mixing of the electrode liquids with each other or with 
the intervening solution. It usually consists of an HTube; in 
the design illustrated (Fig, 37), which is ojic of the best, the centnil 
limb is bent down into a U and 
provided witli a tap so that the 
middle liquid can be run out 
when the electrolysis is over. In 
tliese experiments only weak cur- 
rents may be used, or the heat 
dev^eloped will lead to convection 
and mixing; thus the experiments 
may last several hours. 

Let us suppose that the trans- 
port number 7 uf silver ion in 
a solution of silver nitrate is to 
be determined, i.e. the traction 

— . 'Phe electrodes will 
AMg* |-/^no3 

be made of silver, and during 
the passage of a reasonably small 
(quantity of electricity the com- 
position of the intermediate liquid 
will be unaffected, since as much 
silver ion enters at one end as 
leaves at the other. If we con- Ftg. 37. MonierKo TIittorf 
sider a plane in the liejuid perpeii- Ai-parauus 

dicular to the direction of motion 

of the ions, the numbers of each passing it (in opposite directions) 
m unit time will be proportional to the speeds under the prevail- 
ing potential gradient, that is, to the fractions Tar- and Tnos', which 
represent the numlier of gram-ions of each traversing the plane while 
a charge passes sufficient to deposit one gram-atom of silver on the 
cathode and to dissolve one gram-atom from the anode. The silver 
content of the liquid surrounding the cathode has therefore been 
reduced by one gram-atom (deposited) and increased by Tar* gram- 
atoms from the middle liquid — a net decrease of Tnos'. The anode 
liquid has gained an cciual weight of silvei , while the composition of 
the middle liquid is unchanged. 

The experiment is carried out as follows. The apparatus is 
filled with a solution of silver nitrate of accurately known concen- 
tration and connected in scries with a silver voltameter, consisting 
of a weighed silver cathode in silver nitrate .solution. A weak 
current is then passed for a consideiable time, and the weight of silver 
deposited on the cathodes is determined by weighing tlie cathode 

F 
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of the voltameter. The cathode, anode, and middle solutions are 
run out and the first two are weighed; the silver concentration of 
all three is then determined. If the silver concentration of the middle 
liquid has remained unchanged, as it should have done, the total 
quantities of silver in the anode and cathoile liquids, as withdrawn, 
are calculated, and compared with the (]uantities which these 
weights of solution contained before the experiment. The differ- 
ences are converted to gram-equivalents and divided by the number 
of laradays which have passed through the circuit. They are 
then equal to each other and to Tnos", from which this fraction, 
which is the transport number of the nitrate ion in silver nitrate 
at the dilution used, can be calculated. The transport number 
of the silver ion is obtained by subtracting that of the nitrate ion 
from unity. 






Colourless 
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if 




Fig. 38. Sir Oi.iviiK Lodge’s Experiment in Ionic Migration 


2. Ionic mobilities are usually expressed in the units obtained by 
multiplying the transport number by the equivalent conductivity at 
infinite dilution. The absolute velocity under unit potential gradient 
(i volt per cm.) is obtained by dividing by the number of coulombs 
in a faraday (96,490), the result being for the potassium ion only 
(>•7x10“^ cm. per second, or about 2-4 cm. per hour. Several 
ingenious methods have been devised for the direct measurement of 
these velocities — the oldest and most striking by Sir Oliver Lodge 
in 1886. He filled a long tube with a solution of common salt set 
with gelatine and containing phenolphthalein reddened by a trace of 
caustic alkali. This tube was inverted so that both ends dipped in 
dilute sulphuric acid connected to a battery. On passing the current 
the hydrogen ions moved slowly along the tube from positive to 
negative, thereby decolorizing the indicator; and by measuring the 
velocity of the boundary the ionic velocity could be calculated. If 
one of the ions is coloured, the indicator can be dispensed with, and 
it w\as later found that the boundary between colourless ions could 
be observed by the change in the refractive index of the solution at 
this point. For more accurate measurements some such apparatus 
as that shown in the diagram is suitable (Fig. 39). The narrow tube 
must be of uniform and known bore. To prevent mixing of the 
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solutions when the apparatus is filled, one of them may be fixed in 
position with a little gelatine, which is found not to affect the results. 
Let the equivalent concentrations of the salts AX and BX meeting 
at the boundary be respectively Ca and Cb. Suppose the upward 
moving boundary sweeps out a volume V c.c. during the passage of 
a quantity of electricity it coulombs 
in t seconds. B* in V c.c. must then 
have been entirely replaced by A‘. 

Hence za'L FC^V, andiB*/=FCB-F. 

.P FCaF 
J A* 


Therefore ^-4- - 


and — - -Tir-~- 

i 


Boundary 


it 

F^bF 
it 

P'or the })rescrvation of a stable 
boundary the condition is obviously 
7 a'Cb=Tp*Ca. The results are in 
good agreement with tliosc of the 
Hittorf method when certain coi- 
rections have been made, particu- 
larly a correction for the water 
transported simultaneously with the 
ions. That water is so carried was 
proved by the American chemist 
Washburn, who arranged trans- 
port -num tier experiments in which a 
non-(‘!c^trolyte such as sugar was 
dissolved in the liquid in addition 
to the salt on which the measure- 
ments were being made. It was 
found that at the end of the ex- 
periments the sugar concentration 
in grams per litre was greater near one electrode than near the other, 
the sugar solution having been diluted at one electrode and concen- 
trated at tlie other. A further method of measuring transport 
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39. DrRFXT DFvTERMINATION 
OK Ionic Velocities 
(AX on left, BX on right) 


numbers is described in j). 255. 

Ionic Mobilities. — A selection 

of ionic mobilities 

Ill water 

iS'' is {'iv'cn below: 

Li' 

• J3-0 

F' 


• 45-f^ 

Na' 

• 43-2 

Cl' 


. b5-2 

K' 

• <>4-3 

Br' 


■ <>7-3 

Rb' . 


r 


66-25 

Cs' 

. f)b-8 

OH' 


• 173-8 

H' {H^oy . 

• 315-2 

NO,' . 


bi-b 

NH4' . 

• (>4-3 

CIO4' . 


■ 54'Q 
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The most striking feature of the list is the high velocity of the 
hydrogen and hydroxyl ions, especially the former. We must first 
notice that what we usually call hydrogen ion (in aqueous solution) 
is not actually a simple proton H'*', but the compound ion ( 11 ^ 0 )+, 
The feeble but definite ionization of water thus consists in the 
transference of a proton from one water molecule to another con- 
tiguous to it : 

H20+H20-.-:^H30+-f OH- 

It would be correct, at least where aqueous solutions are concerned, 
to substitute ' hydroxonium ion ' for ' hydrogen ion,' but the 
longer word has not found favour, and we shall continue to use the 
conventional description. The diamelers of hydrogen ion H 3 O+ 
and ammonium ion NH 4 + should therefore be comparable, and the 
diameter of h^^droxyl ion OH- be comparable with that of fluoride 
ion F-. Since the high mobility is not attributable to small size 
it is probable that some special mechanism of transport of electric 
charge operates in aqueous solutions for the ions of water. The 
nature of this mechanism is still speculative, but it has recently 
been shown that if a proton were imagined to jump from one wat(T 
molecule to the next, expelling another proton forward, this sub- 
stitutional mode of transport would give a mobility much greater 
than that expected by a normal or direct tiaiisport. This theory 
does not contemplate that such a method of transj)ort would act 
for ions other than those of water, so that the general revival of the 
discarded hypothesis of Grot thus is not probable. 

The Hydration of Ions. — It has long seemed probable that ions 
are more or less firmly enveloped in water molecules when in a(|ueous 
solution, but the extremely divergent values emerging from different 
attempts to measure ionic hydration, and the new views on the 
constitution of liquid water (p. 103 ), suggest that this subject is 
far more complex than was formerty thought, and at present no 
quantitative treatment can safely be given. 

Attention may however be called to the rule put forward many 
years ago by Walden, that the product of mobility into the vis- 
cosity of the solvent is approximately constant for numerous 
solvents, and a given ion. As the viscosity here introduced is the 
ordinary liquid viscosity, that is the friction of one layer of the 
liquid against another, the validity of this rule seems to indicate a 
' solvation ' of ions. As the result of X-ray analysis more definite 
conclusions have been reached about the hydration of ions in 
crystals, and on the constitution of hydrated crystals generally. 
The structure of nickel sulphate NiSO 4 . 7 H. 2 O has been very fully 
worked out, and there is little doubt that the results are applicable 
in general to all the so-called ‘ vitriols * of formula M.SO 4 . 7 H 2 O 
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(M=Mg, Zn, Ni, Co, Fe, etc.). The features of the structure are 
broadly indicated by writing the formula as 

[(Ni.(iH20)++S0r-]H,0. 

Six molecules of water closely surround the cation octahedrally, 
while the remaining molecule plays a more general part in stabilizing 
the structure as a whole. The close association of some or all of 
the crystal water with the cation is also found in (Be.4H20)S04 
[(Cu. 4H20).S04]H20, (Mg.6H20)Cl2, and (A1.6H20)Cl3. The ten- 
dency in crystals for the cation to be hydrated rather than the 
anion is in harmony with th(‘ fact that in general free cations, 
especially when multiply-charged, are smaller than anions (see 
p. ()3). The intense electric field at the surface of small cations 
initiates the binding of water molecules firmly, and the sizes of the 
hydrated cations become comparable wath those of the anions. The 
prevalence of the typical ' co-ordination numbers ' four and six 
probably indicates a definite chemical interaction between the 
ration and its hydration water (see p. 345). While it is possible 
that such a distinction between rations and anions operates in 
solution, the position therein must be greatly complicated by the 
competing structure of water itself. A given ion can relegate water 
to itself only if the hydrate formed is more stable than the water 
structure destroyed in its formation. 

Results of Conductivity Work in Water,— Before we close our 
discussion of the work on which the dissociation theory is based 
we shall have to refer shortly to noii-aqueous solutions, and it 
may be well at this jioiiit briefly to summarize the essential results 
of conductivity work in water. We have seen that the only 
satisfactory explanation of Faraday’s laws is that the current is 
carried in equal units by ions produced from the solute by dis- 
sociation, and that in Mcak electrolytes, a class which in water 
consists onlv of weak acids and bases, the degree of dissociation is 
comparatively small and can be calculated from the ratio of the 
equivalent conductivity to the maximum value which it reaches 
at infinite dilution. Ordinary concentrations so little resemble 
this condition that the equivalent conductivity at infinite dilution 
cannot, as with strong electrolytes, be obtained directly by extra- 
polation of the curve connecting it with the concentration (or, 
better, with its square root), but must be indirectly calculated as 
the sum of the mobilities of the ions at infinite dilution, which may 
themselves be calculated from the data of strong electrolytes. 
Thus the mobility of the acetate ion, and hence the conductivity 
of acetic acid at infinite dilution, must be obtained by measuring 
the equivalent conductivity at infinite dilution of the strong 
electrolyte sodium acetate and subtracting from it the mobility 
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of the sodium ion. The degree oi dissociation calculated in this 
way for weak electrolytes shows that their dissociation obeys the 
law of mass-action, a conclusion embodied in Ostwald’s dilution 
law. To bring out the difference between strong and weak elec- 
trolytes the diagram (Fig. 40) shows the equivalent conductivity 
at iS'"’ of hydrogen chloride and hydrogen acetate solulicns at 
high dilution (inhnite dilution to N/200) plotted against the square 
root of the concentration. 



Fig. 40. Equivalent Conductivity of a Strong and a Weak Electrolyte 
(Hydrochloric acid above, acetic acid below) 

Strong electrolytes compnse strong acids and bases and nearly 
all salts, including the salts of weak acids and bases. They do 
not obey Ostwald's dilution law, and their equivalent conductivity 
in dilute solution is a linear function of the square root of the con- 
centration. They are highly dissociated at all concentrations, and 
modern work appears to indicate that this dissociation is in fact 
complete, and that the decrease in equivalent conductivity with 
concentration is due to the electrical forces between the ions. 
Kohlrausch's law of the independent mobility of ions is shown to 
be a logical consequence of the dissociation theory, and with the 
help of transport-number experiments it is possible to calculate 
the absolute velocity of an ion under a given potential gradient. 
The mobilities calculated from these data are not in agreement 
with estimates of atomic volume, a discrepancy explainable by the 
conception that many ions carry with them several molecules of 
water of hydration which must be included in the ionic radius. 
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The Activity Concept. — Since the dissociation of strong electro- 
lytes does not obey the law of mass-action, which has been of 
so great assistance in examining equilibria of other types in solution, 
efforts have been made to develop other relations to take its place. 
The activity of an ion or molecule represents the function that must 
be substituted for its concentration if the law of mass-action is to 
be rigidly obeyed. It is usually not proportional to the concen- 
tration. The activity divided by the concentration is called the 
activity coefficient. 

Since perfect gases rigidly obey the law ot mass-action, their 
activity-coefficients are always unity. Most gases are nearly 
perfect in their behaviour at moderate pressures, and the activity 
of a volatile solute, e.g. hydrogen chloride, in two solutions of 
different concentration can therefore be compared by determining 
the ratio of its partial pressures over the two solutions. To deter- 
mine the activity at any one concentration, an arbitrary value 
must be given to the activity or activity-coefficient of the substance at 
some fixed concentration. A method of determining activity coeffi- 
cients for the ions of electrolytes is described in Chapter VIII, p. 252. 

Non-aqueous Solutions. — Further information on many difficult 
matters in connection with solutions would be desirable, and this 
we might expect to gain from an examination of solutions in solvents 
other than water. A great deal of work has been done, chiefly in 
solvents of moderately high dielectric constant, in which, as has 
already been pointed out, dissolved substances are more highly 
dissociated than in solvents of low dielectric constant, which, 
indeed, have often little or no power of dissolving electrol5rtes. 
Unfortunately the properties, and especially the conductivity, of 
non-aqueous solutions are enormously affected by the presence of 
small quantities of water or other impurities, and for this reason 
much of the older work is of doubtful value. However, reliable 
work has been done in methyl and ethyl alcohol, acetone, acetic 
acid, liquid ammonia, nitromethane, acetonitrile and other solvents, 
and though the results indicate that still further research is needed, 
some interesting generalizations have emerged. 

Results of Conductivity Work in Non-aqueous Solutions. — In 
non-aqueous solvents the sharp distinction between weak and 
strong electrolytes disappears, and the chemical nature of the ions 
plays a specific part in the variation of equivalent conductivity 
with dilution. Thus, while Kohlrausch found that in water all 
ordinary salts (some mercury compounds are the best-known 
exceptions) obeyed the square-root relation and were markedly 
regular in their behaviour, the same cannot be said of solutions 
in any one non-aqueous solvent. Among them the hydroxylic 
solvents, i.e. the aJcohols, most closely resemble water in their 
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behaviour. In particular, in these solvents the hydrogen ion has 
a mobility much greater than that of other ions, just as it has in 
water. The table shows the mobility at 25*^ of the hydrogen ion 
in methyl and ethyl alcohols, two hydroxyhc solvents which have 
been thorouglily investigated by Hartley and others, and in the 
two non-hydroxylic solvents acetone and nitromethane. The 
mobility of the ammonium ion is given for comparison. 


Water 

Methvl Alcohol 

Ethyl Alcohol 

A ( clone 

Nitromethane 

II 2 O 

CH 3 .OII 

CjH, OH 

(CH,),C'0 

CH, NO, 

331 

142 

59 5 

88 

93 

74 

58 

JQ 

98 

64 


Mobility of the Hydrogen and Ammonium Ions ai 25° 

In attemjiting to interpret these data it must be remembered that 
by the ' mobility of hydrogen ion ' we strictly mean only the rate of 
transport of unit positive ionic charge, and we can be sure that if 
the electric transport is effected by a simple ionic diffusion the ion 
concerned is never a simple proton. It is possible that the ‘ jumping ' 
mechanism proposed for water also operates in hydroxylic solvents 
such as the alcohols, but, as might be expected, less efficient ly. 
In ethyl alcohol the mobility is of the magnitude to be expected 
for the simple diffusion of an ion of the form C2H5OH2+. The nai ure 
of the conduction process in such solvents as acetone and nitio- 
methane is little understood, and the near equality of the mobilities 
of ' hydrogen ’ and ammonium ions in these solvents ma}^ be 
fortuitous. 

Effect of the Dielectric Constant. — It has already been stated 
that the dielectric constant of a solvent has an important influence 
on its ionizing powers, the most noticeably ionizing solvents being 
those with high dielectric constants. The presence of a hydroxyl 
group in the solvent molecule has an equal if not greater effect. 
The diagram (Fig. 41) shows the equivalent conductivity of nitric 
acid and perchloric acid in various typical solvents plotted against 
the square root of the concentration. For the belter comparison 
of the results, the equivalent conductivity is expressed as a frac- 
tion of the equivalent conductivity at infinite dilution. It will 
be noticed : 

(i) That in water and the alcohols the conductivity of either 
acid at any concentration decreases with the dielectric 
constant. 

(ii) That the conductivity of nitric acid is much more affected 
by change of solvent than is that of perchloric acid. Only 
in water is nitric acid a strong electrolyte. 

(iii) That the influence of the hydroxyl group outweighs that of 
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the dielectric constant, since the conductivities are higher 
in ethyl alcohol (dielectric constant 25) than in nitrobenzene 
(di(‘l(‘ctric constant 35). 



IML.. 41. TeKC IIJ-OKIC AND NtIRIC AcIDS in DiM'KKENT SoLVENlS 


plotted agaiubt (-5") 

Hydroxylic Solvents.— 'I'he high ionizing powers of hydroxylic 
solvents arc probably connected with the polar properties of the 
hydroxyl group (Chapter XI), which enable it to act either as donor 
or acceptor, and in such solvents both cation and anion may be 
solvated. The process of ionization in solution consists not 
only in a separation of the constituents of the solute molecule: 
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AB-->A’+B', but also in the combination of both of them with 
the solvent : 

Solvent -|-AB-->(Solvent.A)’ -f- (Solvent. B) 

Many elect roly I es are fullv ionized only in solvents of very high 
tliclectric constant, e.g. in water, since the conductivity curves 
obtained in non-aqueous solvents often oblige us to suppose that 
a considerable proportion of undissociated molecules is present. 

Ionization and Fajans’ Theory. — Among the many acids so far 
investigated, perchloric acid best retains its character as a strong 



electrolyte when dissolved in non-aqueous liquids. Among salts the 
effects of different solvents are complicated and specific, and classes 
of salts which show perfect regularity in water may show great 
divergence in other solvents. On the whole, the tendency to ionization 
is wh'dt we should expect from Fajans' theory (p. 3.^0), that is, it 
is promoted by a large cation and a small anion. The thiocyanates 
of lithium, sodium, and potassium may be taken as an example. 
Fig. 42 shows their equivalent conductivities in methyl alcohol and 
nitromethane at 25° plotted against the square root of the concentra- 
tion. In methyl alcohol, as in water, the curves arc nearly parallel 
straight lines. In nitromethane, on the other hand, the tendency 
to ionization is much greater in the potassium salt, with its large 
cation, than in the hthium salt, with its small one. In applying 
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Fajans* theory to hydroxylic solvents it is usually necessary to 
take into account the effect of solvation. 

Recent conductivity work shows then that the dissociation of 
electrolytes is a very much more complicated problem than was 
supposed when the original theory of Arrhenius was introduced. 
The theory of complete dissociation, again, must be restricted to 
dilute solutions in water and a few other solvents of high 
dielectric constant. Much work remains to be done on the 
subject. 

Evidence for the Dissociation Theory. -It will be convenient at 
this point to give a list of some of the more important experi- 
mental facts on which the dissociation theory in its widest sense 
is based. It has become so much a part of chemistry that with 
every year it grows more difficult to distinguish between fact 
and theory, but it is important that such a distinction should be 
maintained. 

1. The conductivity work discussed in this chapter, and par- 
ticularly the identity of the electronic charge with that required 
to deposit a univalent atom from solution. 

2. The distinction between electrolytes and non-electrolytes 
revealed by osmotic pressure and related properties (vapour 
pressure, freezing- and boiling-points). 

3. The ionization of crystals (p. 86). 

4. Calculations of dissociation - constants of weak electrolytes 
by several different methods give concordant results: see for 
instance the calculation of the ionization - constant of water 
(p. iqt). On the other hand, strong electrolytes still present puzzling 
features. 

5. The properties of solutions appear to be the sum of the pro- 
perties of their ions — e.g. all permanganate solutions are pink; a 
solution of sodium nitrate and potassium chloride cannot be 
distinguished from a solution sodium chloride and potassium 
nitrate. No properties can be ascribed to the undissociated 
molecules of strong electrolyles in solution, and as they are known 
not to exist in the solid state it seems illogical to postulate their 
existence in solution. 

6. The heat of neutralization of strong acids and bases is constant 

(p- 193)- 

7. The dissociation theory provides a fairly close quantitative 
explanation of ionic equilibria such as those involved in precipitation 
(p. 194). 

8. Distribution experiments such as those of Knight and 
Hinshelwood (p. 184). 

9. Experiments with radioactive indicators (p. 320). 
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The Phase Rule. — A homogeneous part of a heterogeneous system 
is called a phase. Heterogeneous equilibrium is the name given to 
equilibrium m systems containing matter in more than one phase. 
A solid may consist of any number of phases if it is heterogeneous — 
e.g. a block of granite containing embedded crystals — and the same 
applies to liquids; thus two immiscible liquids in contact are con- 
sidered to be two phases. But since all gases are completely 
miscible, a single system cannot contain more than one vapour 
phase. 11 is true that these premises are in contradiction to the 
molecular theory, which declares all matter to consist of separate 
particles, but we are justified in maintaining them so long as we 
appdy them only to such large numbers of molecules that statistical 
laws are obeyed with precision. 

'J'he fundamental law to which all cases of heterogeneous equi- 
librium must ultimately be referred is the Phase Rule, originally 
introduced by Willard Gibbs (1839-1903), Professor of Physics 
at Yale University. The highly abstract nature of this generaliza- 
tion hinders it from giving much assistance to an elementary 
student, but on account of its wide application w^e shall begin by 
giving a general demonstration of it and apply it later to the 
various cases of heterogeneous equilibrium with wiiicli we deal. 

We define the number of components in a system as the numbei 
of substances whose amounts we are free to fix arbitrarily wlien the 
temperature and total volume of the system have been specified. 
An example will help to make this clear. Consider a system contain- 
ing hydrogen, iodine, and hydrogen iodide, in equilibrium. There are 
three substances present, but only two components, because if to the 
system in equilibrium we add, at constant volume, an additional 
quantity of the substance we have excluded from the list of 
components it will affect the amounts of the other two, that is to 

i(>3 
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say, its amount cannot be varied independently. Any two of the 
substances can be selected as components; when their amounts 
are fixed, the amount of the third substance in equilibrium with 
them under the same conditions is likewise fixed. Notice that 
while the amounts of the components present are of prime import- 
ance, the same is not true of the amounts ot the pha.^es, but only 
of their numher. Thus so long as liquid water remains m a system 
containing only water and water-vapour, the vapour pressure at 
constant temperature is constant and is quite independent of the 
amount of liquid water remaining. When one of the phases 
reaches microscopic dimensionsthis is no longer true (see, forexample, 
p. 282), but we have already excluded such systems from our 
treatment. We shall also exclude systems acted on by exlerif)r 
forces such as gravity or electrical fields, considering only tfie 
effect of temperature, pressure, and volume. 

Derivation of the Phase Rule. — Consider a system containing one 
phase and one component, e.g. an enclosure containing steam but 
nothing else. Experience shows that in such a system temperature, 
pressure, and volume (or its reciprocal the concentration) are 
interdependent. We cannot fix two of them without also hxing 
the third. In the example we have chosen, the concentration C, 
defined as the reciprocal of the volume F, is connected with the 
absolute temperature T and the pressure p by the relation 


r= ^ . 

V RT 


For any other one-phase one-component system 


some relation must exist between C, p, and T ; let us write it 


Let us now consider a system containing two phases but one 
component, e.g. an enclosure containing water and water-vapour. 
For each phase we have one equation, namely p^ and 

/>i). In the example we have chosen the equation 
applying to the liquid pha.se w^ill not be in the form pV~R'f\ hut 
will be a much less simple relation describing the variation of the 
volume of unit mass of liquid water with temperature and pressure. 
Now there will be a constant exchange of material between the tw^o 
phases. In our example, water will be continually entering the 
liquid phase from the vapour phase and \acc versa, 'fhe rate 
at which water leaves the vapour phase will be a function of the 
temperature, pressure, and concentration in that phase; call 
if Pi» ^1)^ which water leaves the liquid 

phase pi, Cg). If the system is in equilibrium, the rate at 

which water leaves one phase is equal to the rate at which it leaves 
the other, so that : 


Pv ^i)~/2(^n Pit ^2)- 
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However numerous the components, an equation can be written 
connecting their concentrations in each phase with the temperature 
and f)ressure, and for each pair of phases an equation can be written 
for each component expressing the equality of its tendencies to 
pass from one to the other. Now P phases can be arranged in 
P — I pairs, so that if there are n components there will be P equations 
of the first kind and n(P— i) equations of the second kind, making 
a total of P(« equations. The variables in these equations 

are nP concentrations, temperature, and j)ressure (these two must 
be the same throughout the system at equilibrium), or «P+2 in 
all. We have therefore P(n+i)— it equations containing nP+2 
variables. In order to determine these variables 2+w— P more 
equations are required, or in other words we may assign arbitrary 
values to 2 + 12 — P variables without violating any of the equations 
we have already deduced. This number 2+w— P is tlierefore 
said to denote the number of degrees of freedom of the S3^stem* the 
phase rule states that the number of degrees of freedom (which 
we may denote by F) is given by the equation F=2 + w — P, or: 

Number of Phases -{-Number] at l r n ^ ■ 

oj Decrees of Freedom ! of Componenis+z. 

Let us take an example. Ether is slightly soluble in water, but 
if the mixture contains more than a small proportion of ether it 
separates into two layers, one consisting of ether saturated with 
water, the other of water saturated with ether. If this proportion 
has been exceeded, a system containing the mixed liquids and 
vapour will consist of three phases — two liquid and one gaseous. 
Since the number of components is 2, the system should have 
24-2—3—1 degree of freedom, and if we fix, for example, the tem- 
perature, the vapour pressure must be invariable. This is found 
to be true. But if there is not enough ether to saturate the water 
there will be only two phases, one liquid and one gaseous, and the 
number of degrees of freedom should be 24-2—2=2. If then the 
temperature is fixed we can still vary arbitrarily either the concen- 
tration of the solution (that is, the proportion of ether in it) or the 
pressure, but not both, and this also is true. 

One-component Systems. — With one component in one phase, 
there are two degrees of freedom. Thus if a vapour is contained 
in an enclosure, we can vary either the temperature and the pressure, 
or the pressure and the concentration (defined as the mass of vapour 
in the enclosure), or the temperature and the concentration. With 
one component in two phases, there is one degree of freedom ; thus the 
vapour pressure of a liquid (or a solid) at a fixed temperature is a con- 
stant, or again the melting-point of a solid at a fixed pressure (i.e. the 
temperature at which it is in equilibrium with liquid) is a constant. 
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With one component in three phases the system has no degrees 
of freedom, i.e. it is invariant. For example, the diagram (Fig. 43) 
shows the relations between pressure and temperature of a system 
containing solid, liquid, and vapour of the same substance, or any 
two of them. OA is the vapour-pressure curve of the solid, CC' 
the vapour-pressure curve of the liquid. These curves cut at O, 



/C 

\ Licjuid 

/ Atmospheric 

\ y 

Pressure 

Solid ;\ 



Vapour 

A 

Boilincf 

^Pomt 


— Temperature — 

Fic;. 43. A 'I'ffRTvK-PiiASE Onl-componi:ni SvS'llM 


and the abscissa of this point is the melting-point of the substance 
at a pressure represented by the ordinate of O. As the pressure 
is increased above this value a change takes place in the melting- 
point, which may be either raised or lowered. The connection 
between the pressure and the melting-point is given by OB, 
which in the diagram is drawn for a substance whose melting- 
point is reduced by increased pressure; Le Chatelier's rule tells 
us that it must be a substance like water that expands on 
freezing 

Between AO and BO the stable form is solid, between BO and 
CO liquid, and between CO and AO vapour. Along AO solid 
and vapour can exist together in equilibrium, along BO solid and 
liquid, along CO liquid and vapour. Only at one point, O, called 
the triple point, can solid, liquid, and vapour exist together in 
equilibrium; hence if all these phases are to be present the system 
is invariant. The triple point of the ice-water-water-vapour 
system lies at a pressure of 4*6 mm. of mercury and a temperature 
of +0*008° C. 

It will be observed that the liquid-vapour curve has in the 
diagram been produced beyond the triple point to C/. This is in 
agreement with observation, since in the absence of the solid 
phase liquids can often be undercooled to temperatures far below 
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their freezing-point without solidification. Phases which persist 
under conditions in which they should normally disappear are 
said to be metastahle. d'he x^apour pressure of the metastable phase 
IS always higher than that ol the stable phase: if this were not so 
isothermal distillation could take place from the more stable ]ihasc 
to the Ic'ss stable. Since the stable phase is delined as that which 
cannot spontaneously change, this is impossible. This has been 
verilied for ice and w'ater: water can be imdercooled to about 


— jo'' C., as 1 ^'ahkeniieit discovered more than two hundred years 
ago, and the vapour pressure of 

water at any temperature below / 

C. is greater than that of ice at the ♦ / y 

same temperature. Solidification * / 

can always be brought about by the £ / y/ 

addition ol a small fragment of the w ^ 

solid, and this behaviour recalls that g 
ol super-saturated solutions. An; 

ogously water, when suspended ^ ; 

as drops m a liquid of equal den- ' 

sity, can be healed to about ^ '* 

liSo'' without boiling: there are, "j '. 13 °C. 

howexTr, no recorded cases of Temperature — 

a solid being heated above its t 

melting-point without melting. Fig. 4^. The Vapour Prf&scrp: 
An interesting example of met;ist;i- 
bility IS afforded by the allotropic 

modifications of tin. It has long been known that in unusually 
severe cold weallier articles made of tin are liable to ciumble to a 




-Temperature — 

The Vapour Presscrr 
OF Tin 


giey powder. This grey form of tin is an allotropic niodihcation 
and is the stable form up to a temperature of 13“ C. Under ordinary 
winter conditions white or ordinary tin is in fact metastable. The 
permanence of tin articles is due to the extreme slowness of the 
change from the metastable to the stable state. I'he change is 
promoted by cooling to timiperatures considerably beneath 13"". 
The measurement of the vapour pressure of tin is a matter of great 
difficulty on account of its extremely low value, but if the vapour 
pressures of the two forms were plotted against the temperature, 
the curves would intersect at 13'' as in the diagram (Fig. 44). Above 
13° white tin has the lower vapour pressure and is the stabler form; 
below 13“ its vapour pressure is higher than that of grey tin and 
it is metastable. It has already been pointed out that the phase 
rule can be applied only to systems that have reached stable 
equilibrium. 

Two-component Systems. — Systems containing two components 
and two phases can exist in a great variety of forms. We shall 
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consider one or two representative cases of the systems solid-vapour, 
liquid-vapour, liquid-liquid and solid-liquid. In all these systems, 
there will be two degrees of freedom as long as the number of phases 
remains at two. It might be supposed that this would apply to 
the well-known examples of equilibrium between hydrated salts and 
water-vapour, but it is evident that as soon as the given hydrate 
either loses water or takes it up to form a lower or higher hydrate 
the system must be considered to contain two solid phases, making 
three in all, and has therefore only one degree of freedom. If the 
temperature is fixed the pressure of water-vapour must then remain 
at a fixed value. This rather surprising deduction is in agreement 
with experiments made loug before the phase rule was understood. 
Thus compounds such as CUSO4.5H2O and CUSO4.3H2O can exist 
together in equilibrium only in the presence of water-vapour at a 
definite pressure. If the actual pressure exceeds tliis value, some 
CuSO4.3H.2O will take up water to form CuSO4.5H.2O, whereas if 
the value is not reached, some CUSO4.5H2O will lose water to form 
CUSO4.3H2O [efflorescence). If only one hydrate is present the total 
number of pha.ses is two and the system has two degrees of freedom, 
so that at constant temperature such a compound as CUSO4.3H2O is 
stable between definite limits of pressure of water-vapour. 

Solids that dissolve in the water they absorb from moist air are 
said to be deliquescent, A solid deliquesces if the pressure of water- 
vapour in the surrounding atmosphere exceeds the vapour pressure 
of its saturated solution. 

Distillation. — In liquid-vapour systems relations are perhaps 
slightly more difficult to understand, but the practical applications 
are at least of equal importance, since they include the behaviour of 
liquids on distillation. We shall first deal with liquids miscible 
in all proj^ortions, representing their relations by means of isobaric 
curves connecting composition and temperature. The isothermal 
curves connecting composition and pressure can be treated in a 
somewhat similar way, and the relations between composition, 
pressure, and temperature can all be represented simultaneously 
by a space-model of curved surfaces. 

The diagram (Fig. 45) represents the connection between the 
temperature and the composition of the liquid and vapour phases 
of two completely miscible liquids A and B at constant pressure. 
The point A is the boiling-point of A at that pressure, B is the boiling- 
point of B. The curve AXB shows the connection between the 
boiling-point of the liquid and its composition. As we shall see, 
it can have more than one form, and may show a maximum or a 
minimum: the simple form shown in this diagram is usually found 
when the two components are closely related chemically. 

MN is parallel to the composition axis. M represents the 
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temperature at which a liquid of composition L will begin to boil. 
The point Y on MN represents the composition P of the vapour in 
equilibrium wath tlie liquid. The upper curve connecting A and 
B is made up of such points, and just as M is the temperature at which 
a liquid of composition L begins to boil, so is it the temperature 
at w^hich a vapour of composition P begins to condense. Below 
AXB only liquid can exist, 
above AYB only vapour, 
between them liquid and 
vapour can exist together. 

Suppose now tliat ihc 
liquid of composition L is 
to be distilled at constant 
pressure. When the tern* 
peraturc reaches M the 
liquid boils and vapour of 
composition Y leaves the 
system. This vapour is 
richer than the liquid is in 
component B (which has the 
lower boiling-point), and 
the Ikiuid is thus left richer 
in component A. After a 
short interval its com- 
position will be represented 
by L', and the boiling- 
point will be M'. The 
vapour also becomes pro- 
gressively richer in component A, and at this point has the com- 
position P'. if the distillation is stopped at this point, the liquid 
mixture has been separated into two parts: a residue of composition 
L', richer in A than the original mixture, and a distillate of com- 
position somewhere between P and P', richer in B than the original 
mixture. By again distilling these liquids a further separation 
can be effected, and by uniting the middle fractions and redistilling 
them it is in time possible to obtain reasonable yields of liquids 
closely approximating to pure A and pure B in composition. It 
is, however, impossible by a finite number of distillations to obtain 
finite quantities of eitlier pure A or pure B. The efficiency of the 
process can be improved by the use of a long fractionating column, 
in which the ascending vapour is brought into equilibrium with the 
condensed liquid. 

If the boiling-point curves show minima or maxima (Fig. 46) 
the conditions are still less favourable for separation. Water and 
ethyl alcohol are an example of the first, water and nitric acid 
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45. Two Completely Miscible 
Liquids : Phase Diaokam 
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of the second. At the minimum or maximum the liquid and 
vapour phases in equilibrium are of identical percentage composi- 
tion, so that a liquid with this composition is unchanged by dis- 
tillation. Such liquids are called constant boiling mixtures. After 
a mixture of water and ethyl alcohol has undergone a large number 
of fractionations the resulting liquids will aj:)proximate in com- 
position to the constant-boiling mixture and one or other of the 



Fig. 46. Vapour Pressure of Two Completely Miscibie Lignins 


components: water if the original liquid contained more water 
than the constant-boiling mixture, and ethyl alcohol if it con- 
tained less. Water and hydrogen chloiide also form a constant- 
boiling mixture which contains about 20 per cent hydrogen chloride 
at 760 mm. ; the preparation of this solution by distillation is one 
of the most accurate methods of obtaining a standard solution of 
the acid for volumetric analysis. It is merely necessary to distil the 
20 per cent acid (density very nearly i-i gm. per c.c. at 15 ) at the 
rate of 3 to 4 c.c. a minute, rejecting the first three-quarters of 
the distillate and leaving some residue in the flask. The remainder 
of the distillate then contains exactly 20-221 per cent of hydrogen 
chloride by weight, if the barometer stands at 760 mm. ; for other 
barometric readings a very small correction is required. 

Immiscible Liquids. — In systems containing two liquid com- 
ponents we shall for the moment consider only the two liquid phases 
that exist when the liquids are not completely mis('ible. In the 
absence of the vapour phase the system has two degrees of freedom, 
so that if the temperature and pressure are fixed there is only one 
possible value for the composition of each phase. The system then 
consists of a saturated solution of A in B and a saturated solution 
of B in A. In Figs. 47 and 48 the points X and Y represent the 
compositions of saturated solutions of B in A and of A in B, both 
at a temperature Tj. If the solubilities increase with temperature. 
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as in Fig. 47, or decrease, as in Fig. 48, the curves must meet to 
form a maximum or minimum respectively, at a temperature 
called the critical solution temperature. Inside the curve two 
liquid layers exist in equilibrium, outside it only one; it is therefore 
impossible for two layers to separate 
out above this temperature (in case 1) 
or below it (in case 2). Organic 
compounds are known with which 
water form mixtures of both types, 
and pairs of liquids have also been 
discovered whose solubility curves 
arc closed at both ends. The be- 
haviour of water and aniline is of 
the type shown in Fig. 47. Fig. 48 
shows the type of behaviour of 
w'ater and dimethylamine, and water 
and nicotine give a closed curve. 

A svstem containing two immis- 
cible liquids and a va|)our phase 
has only one degree of freedom, and 
the vapour pressure at a fixed tern- ^ 
perature is independent of the com- ^ 
position (Fig. 49), being equal to -p 
the sum of the vapour pressures of ^ 
the components. Since all liquids g- 
have some mutual solubility, how- Z 
ever small, this type of relation is no ^ 
more than a limiting case, though | 

such pairs of liquids as water and a r' • • K 

mercury approach it very closelv. ^ Composition 
When the liquids are partially Fk,, 48 

miscible the most usual type of Figs. 47 ct 4S Mittual Solu- 
curve is that showai in Fig. 50; the bilitv of Two Liquids 
vapour pressure, in accordance 

wath the phase rule, is constant only over that part of the range 
(BC in the diagram) within which two liciuid phases are stable. 
Ether and water form a system of this type. 

Liquids with high boiling-points, if they are immiscible with 
water, can frequently be separated from impurities by steam distilla- 
tion at about 100°, an operation common in organic chemistry. 
Avogadro’s principle and the gas laws show that the numbers of 
molecules of the organic liquid and of water in the distillate are 
proportional to the vapour pressures of the liquid and of water at 
this temperature, and from this relation the proportion by weight 
can be calculated if the vapour pressure and molecular weight of 
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the liquid are known. The only function of the steam is to accelerate 
the vaporization of the liquid to be distilled by sweeping its vapour 
from the distillation flask. Water itself can be removed by distilla- 
tion below 100° with an inert liquid (see hydrogen peroxide, p. 37q). 
The advantage of these processes is the low temperature at which 
distillation can be carried out. 



Solid-liquid Systems. -Solid-lnjuid systems are, irorn the industrial 
standpoint, perhaps the most important of all those to which Ihe 
phase rule can usefully be applied. Some such guide is essential 
in investigating the preparation and properties of alloys. For a 
full description of these systems a textbook of metallurgy must 
be consulted; we shall restrict ourselves to the more important 
types of two-component systems generally containing only two 
phases. 

It will be necessary at the outset to decide how many phases 
are to be assigned to the solid mixture containing both components. 
Homogeneity must be the criterion — heterogene^ous mixtures con- 
tain two or more phases, homogeneous only one. Homogeneous 
two-component solids are called either ' mixed crystals ' or ‘ solid 
solutions,’ and they are detected either by examination of a section 
under the microscope or by the peculiar form which they give to 
the phase diagram. 

Since the melting-])oints of solids are only slightly affected by 
changes of pressure, the most informative diagrams for solid-liquid 
systems are those connecting temperature and composition. Fig. 51 
shows the relations at constant pressure between Iwo components 
which form neither a compound nor mixed crystals. The com- 
ponent A melts at a temperature represented by A, while B melts 
at B. The addition of B to A lowers the freezing-point of A, and 
the curve AC (which with BC is called the Hqiiidus) shows the 
freezing-points of such mixtures. Similarly the lowering of the 
freezing-point of B brought about by the addition of A is repre- 
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sented by BC. These curves meet at C (called the eutectic point). 
Since at C the two solid phases A and B can coexist in equilibrium 
with the liquid phase, the system has only one degree of freedom. 
It follows that if, as in this case, the pressure is fixed, the position 
of the eutectic point is fixed both as regards temperature and 
composition. 

Liquids of any other than the eutectic composition deposit 
either pure A or pure B on freezing, according as they contain 
more or less of these components than the eutectic mixture contains. 



Fig. 51 Two Immiscible Solids: Phase Diagram 

If, for example, the liquid of composition P be cooled, it will at a 
temperature T| deposit pure solid A. This leaves the liquid richer 
in B, and the temperature gradually sinks as the composition 
changes in a way represented by the curve AC. At C the whole of 
the remaining liquid, which now has the eutectic composition, 
solidifies. If a solid mixture, containing let us say more component 
B than corresponds with the eutectic composition, is heated, it 
begins to melt as soon as the eutectic temperature is reached, and 
the liquid formed has the eutectic composition. This leaves the 
solid richer in B, and its composition-temperature relations are 
represented by CE until all the component A is present in the liquid 
phase. The melting-point then rises sharply as the component B 
melts, until the system is wholly liquid at a temperature located on 
the line CB. 


The course of the liquidus is usually determined by means of a 
series of cooling curves on different mixtures. In such an experi- 
ment the liquid is contained in a vessel in an enclosure free from 
draughts and at a temperature well below the eutectic temperature. 
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l^eadiiigs are taken at equal intervals of time with a tliermo- 
rncter or thermocouple in the liquid. To ensure equilibrium it 
must be kept well stirred. Tlic rate of loss of heat from the 
vessel depends only on the difference in temperature between the 
vessel and its surroundings, so that if any change takes place in 
the liquid in which heat is absorbed or liberated it will betray 
itself by a change in the rate of fall of temj)erature. Tlie diagram 
(Eig. 52) shows such a plot of time against temperature. 1 \ is the 



freezing-point on the liquidus; at this point one of the pure com- 
ponents begins to separate. The loss of heat from the containing 
vessel is now partly supplied by the latent heat of fusion, and the rate 
of fall of temperature is thereby diminished, hence at R the slope of 
the curve suffers an abrupt change. Y'g is the eutectic temj)crature. 
At this point the whole of the remaining liquid has the eutectic 
composition, and solidifies at a rate exactly sufficient to provide 
enough latent heat of fusion to balance the loss of heat by cooling, 
for when both the licjuid and solid forms of a pure substance or of 
a eutectic mixture are present in equilibrium the temperature 
must remain con.stant until one or other has disappeared. At 
T2 a flat portion SU of the curve therefore appears; at U all the 
liquid has solidified and the mixture begins to fall again in 
temperature. 

If a liquid mixture is taken with a composition nearer to the 
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eutectic composition than tlic liquid we have considered, the cooling 
curve will show the following differences: 

(i) The temperature will come closer to which is the 
same for all mixtures. 

(ii) The portion RS of the curve will be shorter, since there is 
less of the pure component to separate. 

(iii) The flat portion SU — called the ciilcctic arrest- -WiW be 
longer, since there is more eutectic to separate. 

If one of the pure components is taken, the portion RS of the curve 
becomes long and horizontal and SU disappears, since the melting- 
and freezing-points of pure substances coincide. In organic 
chemistry the melting-point, and also the boiling-point under 
standard pressure, are widely used as criteria of purity, since the 
addition of foreign substances causes an apparent change in both 
these constants. If the substance is known to be pure, these 
constants are also frequently used to establish its identity. 1'he 
conclusive test is to mix some of the substance with a pure sample of 
what it is believed to be: if the supposition is correct there will 
be no change in the melting- or boiling-point, but if a mistake 
has been made a change will be observed. 

Effect of Compound-formation. — If the two components form a 
compound a rather different type of curve is obtained. In the 
diagram (I'lg. 53) A 
and B are the melting- 
points of the comi)o- 
nents, while C is the 
melting-point of the 
compound, which may 
be either above or be- 
low the melting-points 
of either of the com- 
ponents. 1) is the eutec- 
tic (I) between A and 
the compound, F the 
eutectic (II) between 
the compound and 13 . 

The liquidus is ADC M 3 , 
the solidus ALMCN FB. 

It is simplest to divide 
the system down the line XY into two two-component systems, one 
containing A and the compound, the other the compound and B: 
this has been done in Fig. 54. It must, however, be remembered 
that there is no discontinuity in the curve at C. 


X 



Composition 

Fig. 53. J^'oRMATiON OF A Compound: 
Phase Diagram 
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If the components form more than one compound there will 
be more than one hump in the curve. Metals often form a series 


X X 



Fig 54 Formai'ion of a Compound; I^hase Diagram 


of such compounds, whose isolation is a matter of difficulty. Con- 
sequently phase diagrams are much used in the investigation of 
alloys; the conclusions can be confirmed by microscopic examina- 
tion of a section. Fig. 55 is a 
photomicrograph of an etched 
section of an alloy of lead and tin. 
The crystals of tin, which appear 
white in the photograph, are 
separated from each other by the 
eutectic mixture, which appears 
black. The original melted alloy 
mixture was evidently richer in 
tin than the liquid eutectic mix- 
ture. Hence pure tin crystallizes 
until the eutectic temperature 
is reached, when minute cry- 
stals of lead and tin, closely 
interwoven, are simultaneously 
deposited between the crystals 
of tin. The phase rule inter- 
Fjg. 55 Photomicrograph of an pretation of this solid is that it is 
Alloy of Lead and Tin simply a mixture, in two phases, 

of tin and lead. The appear- 
ance, however, is that of a mixture of (solidified) eutectic and tin. 
This segregation of ' eutectic ' is of great importance in determining 
the properties of alloys, but in theory arises only because of the low 
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rate of diffusion in the solid phase. It is in this sense that the 
descriptions of the solid phases introduced in Fies. 51 and 53 are to 
be understood. 

Eutectic mixtures and constant-boiling mixtures have the 
following properties : 

(i) Their melting- and freezing-points (or boiling- and condensing- 
points as the case may be) are identical. 

(ii) They have constant composition, at constant pressure. 

These proj)erties have on several occasions led to the suggestion 
that they really are compounds. Tins suggestion can be conclusively 
disproved by a study of the effect of pressure, which changes both 
the melting and boiling-points and the composition of the eutectic. 
Since the effect of pressure on the properties of solids (e.g. alloys) is 
always very slight, the criterion is not always easy to apply, but 
any vaiiation in composition from simple atomic ratios can be 
taken to suggest the presence of a eutectic mixture. 

Effect of Mixed-crystal Formation. — If the components form 
mixed crystals in all proportions an entirely different phase diagram 
is obtained (Fig. 56). Since the components are completely miscible 
there are only two phases, one Injuid and one solid. The diagram 



< Composition 


Fig 56 Two Completely Miscible Solids: Phase Diagram 

therefore bears a striking resemblance to Fig. 45, which shows a 
liquid-vapour system, and the curves can be described on similar 
lines. Solid-liquid systems are also known similar to the liquid- 
vapour systems represented by Fig. 46, and in these the solidus 
and liquidus have a common minimum or maximum. The latter 
case is curious, since the addition of either component to the 
other raises the melting-point instead of lowering it: such systems 
are, however, very uncommon. 



178 THEORETICAL AND INORGANIC CHEMISTRY 

It frequently liappcns that the components form mixed crystals 
over a limited range of composition. The diagram (Fig. 57) shows 
the behaviour of two components, A and B, which behave in this 
fashion, and from what has been said already should be self- 
explanatory. L represents the composition of a saturated solution 
of B in A, M the composition of a saturated solution of A in B. 
Relationships of this type are very common between the metals, 
but the complications caused by the variation of the mutual 
solubility with temperature (compare the discussion of two partially 



Fig. 57. Two Partially Miscible Solids: Phase Diagram 


miscible liquids on p. 171) cannot be considered hero. In the 
diagram the mutual solubility is shown as independent of the 
temperature. 

It has been pointed out by Rivett in his book on the phase rule 
that the simple diagram (Fig. 51) showing no solid solutions is a 
limiting case of Fig. 57 which, strictly speaking, could never occur. 
Since, however, the mutual miscibility of many solids is so small 
as to escape detection, the simpler diagram may safely be used for 
any system in which the deviations of AD and BE from the vertical 
are too small to be measured. 

Freezing-mixtures. — Before leaving the subject of two-component 
systems in the solid and liquid phases we may allude to the forma- 
tion of freezing-mixtures made by mixing salts with ice or snow. 
These systems can be clearly understood only if it is realized that 
there is no essential distinction between solubility- and freezing- 
point curves, since both indicate the temperature at which solid 
may be expected to separate from the liquid phase. Thus if 
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potassium chloride is added to ice the temperature falls until it 
reaches the eutectic (or so-called ‘ cryohydric ') temperature at 
— C., when the mixture contains 20 per cent of salt. A solution 
containing a larger proportion of salt than this begins to freeze 
at a higher temperature, and the solid which it deposits is not ice 
but salt. The curve CD (Fig. 58) is therefore the bottom part of 
the solubility-curve of the salt in water; any discontinuities it 
may show are due to the formation of hydrates. There is, in fact, 
no essential difference of type between the curves AC and DC. The 
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student should iiow revert to the ferric chloride solubility diagram 
in Chapter IV, p. 131, and see what new light is thrown on it by 
the phase-rule principles that we have discussed. 

The Distrihution Law. — In discussing from a qualitative aspect 
the subject of heterogeneous equilibrium we have hitherto been 
guided chiefly by the phase rule. The Distribution Law (sometimes 
called the Partition Law) is a generalization of almost equal import- 
ance and of a quantitative kind. Established exijerimentally by 
various workers for different systems, it was first put into a general 
form by Nkrnst in 1891, and has since been of the greatest .service 
in the 'investigation of chemical equilibrium. It may be stated 
as follows; A substance divides itself between two phases in such a 
way that the ratio of its concentrations in each phase is constant, 
provided that it is present in each phase in the same molecular species. 

We shall consider first the type of system to which the distribution 
law is most often applied— that of a solute in two immiscible (or 
only slightly miscible) liquids. If the solute is called X and the 
liquids are 'called A and B, the law states that at equilibrium 

Cone, o f X in A_^ constant. If a further quantity of X is added 
Cone, of X in B 
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to the system, it will divide itself between the solvents in such 
proportions that the constancy of this ratio is not disturbed. The 
term ‘ molecular species * refers to the atomicity of the molecule, or, 
better, of the solute particles in each solvent: thus if in solvent A 
the solute X were partially associated into molecules Xg, the law 
in its simple form could no longer be applied. 

The distribution law may be regarded as a 
simple corollarv of the law of mass-action, if 
we regard X dissolved in A and X dissolved 
in B as separate chemical individuals: 

X dissolved in A^X dissolved in B. 

The rate of change from left to right is 
proportional to the concentration of X in 

A, from right to left the rate of change is 
proportional to the concentration of X in 

B. At equilibrium these rates of ( hange 
are equal, and the ratio of the concentra- 
tions is therefore a constant. 

Fig 59 Distribution Applied to one-component solid-vapour 
BETWEEN Two SOLVENTS aud Uquid-vapour systems, the law leads 

to relations with which we are already 
familiar Since the concentration of a gas may be represented by 
its density, which in turn is at constant temperature proportional 
to its pre.ssure, and since the concentration or active mass of a 
solid or pure liquid is a con.stant (see the discussion of the law of 
mass-action), it follows that at constant temperature both liquids 
and solids have constant vapour pressures, a conclusion that may 
also be reached by the more general method of the phase rule. 
By an extension to two-component systems, Henryks Law can be 
deduced, to the effect that the solubility of a gas in a liquid is 
proportional to its pressure above it. In two-component solid- 
liquid systems we learn that the concentration of a given solid 
in a given solvent in equilibrium with the solid is a constant at 
a fixed temperature — this concentration simply represents the 
solubility. 

DistriWion in Concentrated Solutions.— In the discussion of 
the law of mass-action it was pointed out that at high concentra- 
tions considerable deviations from the law might be observed. 
The same applies to the distribution law, and no case is known in 
which the distribution ratio is quite constant up to saturation and 
in all circumstances. Generally speaking, the greater the con- 
centration the greater the deviation from theory. To take the 
example of a solute distributed between two solvents: if the law 
were exactly obeyed up to saturation the distribution ratio could 
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be calculated from the ratio of the solubilities, since the saturated 
solutions must be in equilibrium. But this calculation, if made, 
is successful only for very slightly soluble substances ; others nearly 
always show considerable deviations in concentrated solutions. 

Experimental Devices. — In modern work these difficulties are 
usually avoided by various devices. If the solute is volatile 
(e.g. iodine or bromine) the two solutions need not be brought 
into contact at all. If they both communicate with the same 
vapour, they will in time reach equilibrium. In this way the dis- 
tribution of a volatile solute between two water phases can be 
measured without the necessity of using a second solvent. In 
an American apparatus called the equilibraior the same air is 
made to bubble through the solutions in turn by revolving the 
whole apparatus about an eccentric axis, and in other devices the 
common vapour phase is exhausted to facilitate the diffusion of 
the solute vapour. If for some reason a second solvent cannot be 
dispensed with, any disturbing effects due to its solubility in the 
first solvent may be compensated by bringing the two solutions to 
be tested into equilibrium with the same solution in the second 
solvent; they must then be in equili- 
brium with each other with respect to 
the common solute. 

Effect of the Molecular Species.— 

Deviations of quite another kind, invol- 
ving alteration in the molecular species, 
are of great importance, and must now be 
considered. Suppose the solute X is asso- 
ciated in phase 2, in which it exists almost 
entirely in the form of molecules X„, while 
in phase i the molecules are almost exclu- 
sively simple. There are then two equili- 
bria tc) consider : one between the phases 
and the other in phase 2. For it equili- 
brium is reached there must be some 
common specie.s, even if present only in 
very small amount (in one of the phases), 
and the simplest assumption is that 
f)hase 2 contains a concentration of single 
molecules negligible in comparison with the concentration of X„. 
Call the concentrations a, b, and c, as shown in the diagram. Then 

from the distribution law ^=-^"0 where A’, is a constant, while 
from the law ol mass-action where A.^ is a constant. Hence 

t’” 



Fig t>o Distribution or 
AN ASSOCIATF.D SuB- 
STANCB BFTWLKN FWO 
Phases 
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^ ==^conslant, and sijice c is negligible in comparison with b, we 

sav i) ^ example of this 

‘ ((.one. in phase 2) 

behaviour is afforded by benzoic acid in water and toluene. 
The acid is weak, and m water exists almost entirely m 
single molecules (dissociation can as a first approximation be 
neglected), but in toluene as double molecules. It is therefore 
found that 

(Cone, in water) ^ 

(Cone, in toluene) 

is a constant. Since the general equation can be written; 

n log (cone, in phase i)=:log constant+log (cone, in phase 2), 


the experimental results of the investigation of such a system are 
u.sually converted to this form. If the logs of the concentrations 
in the two phases are plotted against one another, the value of n 
can be read off from the slope of the line. 

Combination with the Solvent. — In dilute solutions combination 
with the solvent will not affect the constancy of the distribution 
ratio, for in such solutions the active mass of the solvent may be 
considered to be a constant, and the equilibrium in the equation 

X-f sol vent ^X, solvent 


is therefore unaffected by dilution. Since ^ — r is a constant, 

[X, solvent] 

the proportion of X combined with solvent is likewise constant, 
and neglect of this combination will alter only the magnitude of 
the distribution ratio as determined experimentally, not its 
constancy. 

Dissociation. — If the solute is dissociated in one phase but not in 
the other no constant distribution ratio will be obtained, but the 
degree of dissociation can sometimes be calculated. Suppose the 
substance X to dissociate in phase 2 into L and M, which may be 
ions or uncharged molecules, and let a be the degree of dissociation. 
Then if the dissociation obeys the law of mass-action we have, by 
reasoning similar to that already employed (see fig. 61) : 





6d 


- - — a. 
C 


If the concentrations a and (6-1 c) are determined by analysis, we 
have four equations and five unknowns, namely 6, r, a, and /vg. 
These equations cannot be solved, but if we make another set of 
measurements at a different dilution we get four new equations and 
only three new unknowns (namely the new values of 6, c, and a). 
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We have now eight equations and eight unknowns, and can solve 
them. The method lias two defects, viz. : 

(i) that the dissociation of strong electrolytes does not obey 
the law of mass-action; 

(ii) that the dissociation of w^eak electrolytes in solutions suffi- 
ciently concentrated for measurement is usually too small 
to be measured in this w:iy. 

Nevcrtlieless, the method has yielded some highly important 
results, wdiicli will l)e briefly discussed below. 

It must be remembered that distribution 
measurements give no intoimation about the 
actual molecular condition in any phase, 
but merely indicate any diflerence tlicre 
may be in the molecular condition m diffiTcnt 
phases. In order to draw dehnite conclu- 
sions from such results, it is always neces- 
sary to measure the molecular weight in one 
phase or both by va])our-density or fieezing- 
poiiit determinations. Caution must also be 
excTcised in dealing W'ith liquid-liquid systems 
in which the common solute may liave 
any pronounced effect on the equilibrium 
between the solvents. Thus the addition 
of hydrogen chloride increases the mutual 
solubility of ether and water to such a 
degree that distribution measurements of 
hydrogen chloride between these solvents 
would be very difficult to interpret. A high 
mutual solubility of the two solvents is in any case always a 
disadvantage. 

Practical Applications.— shall now^ briefly describe some of 
the applications of the distribution law to the problems of chemistry, 
under the following headings: 

1. Association : 

2. Dissociation; 

3. Extraction : 

while the important applications of the law to 4. Complex ions 
and 5. Hydrolysis will be considered under these headings in the 
next chapter. 

I. Association . — The method has already been described. In 
this way it has been shown that benzoic acid, acetic acid, and other 
substances are associated in vaiious organic solvents, while lithium 
chloride is associated in amyl alcohol. 

G 


Phase I 

(a) X 


L+M^X 
(b) (b) (c) 

Ph ase 2 

luG 61 Distribution 
OF A Dissociated 
Substance between 

Two l^TIASES 
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2. Dissociation . — In 1927 Knight and Hinshelwood measured 
the distribution of hydrogen chloride between water and benzene, 
and in 1930 similar measurements were carried out by Wynne- 
JONES on water and nitrobenzene (Fig. 62). He found that in 
solutions as concentrated as 8N practically the whole of the hydrogen 
chloride was in the water layer, while in dilute solutions the con- 
centration in the nitrobenzene layer was so minute as to be difficult 



Fig. 62. Distribution of Hydrogen Chloride between Nitro- 
benzene AND WaIJiR (25°) 


to detect. Since hydrogen chloride is very soluble in both liquids, 
and since the nitrobenzene solutions are known to contain some 
at least of the solute in the form of single molecules, it must be 
assumed that the concentration of single molecules in the water 
layer is negligibly small. Combination with the solvent cannot 
account for this effect, because, small as it is, the distribution- 
coefficient varies enormously with the concentration. The results 
are therefore a striking confirmation, amounting almost to proof, 
of the theory of complete dissociation of strong electrolytes, and 
are all the more valuable because combination between solvent and 
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solute has on occasion been advanced as a tentative explanation 
of some of the other phenomena on which tlie ionic theory is based. 
'Ihe abnormally low vapour pressure of hydrogen chloride over 
its dilute aqueous solutions points in the same direction; it is so 
small that such solutions can be boiled for hours without appreciable 
loss of the acid. 

Hill found that silver perchlorate (a strong electrolyte in water) 
was completely extracted by water fiom its solutions in benzene 
or toluene, but that aniliiK' w’ould extract it completely from 
water. With the base a relatively stable complex is produced. In 
the same way it has been suggested that the inability of carbon 
tetrachloride to extract any iodine monochloride from its solu- 
tions in aqueous hydrochloric acid points to the absence of any 
ICl molecules in the latter. Distribution measurements between 
toluene and water have been used to estimate the degree of disso- 
ciation of mercuric chloride, one of the small class of abnormal 
salts which are only slightly dissociated in water. The HgClj 
molecules are soluble in toluene, but the ions HgCT and Cr appear 
not to be capable of existence in that solvent. The results are in 
fair agreement with the law of mass-action. 

3. Extraction . — In this proci^ss a solute is removed from a solu- 
tion by shaking it with another solvent (immiscible with the first) 
in which it is more soluble: the favourable distribution ratio then 
causes nicest of it to pass into the latter. Extraction of aqueous 
solutions with ether is one of the commonest operations of organic 
chemistry, since most non-hydroxyhe organic compounds are 
much more soluble in ether than in water. The process has the 
double advantage that it frees the solute from inorganic substances 
present in the aqueous solution (since these are nearly all insoluble 
in ether) and that the ether can be removed from the solute by 
evaporation at a lower temperature than the water, an important 
point when the solute is volatile or easily decomposed by heat. 
In inorganic chemistry such substances as iodine, bromine, sulphur, 
hydrogen peroxide, and ferric chloride can all be extracted from 
water by suitable solvents, and this is sometimes made use of in 
qualitative analysis. Given an aqueous solution and a fixed 
volume of solvent, e.g. ether, with which to extract it, it is then 
important to decide on the most efficient way of doing so. Suppose 
the volumes of water and ether are equal and that the distribution 
ratio of the substance to be extracted is 3 to i in favour of the 
ether. If we do the extraction in one operation we shall leave a 
quarter of the substance in the water, and our yield is only 75 
per cent. If we divide the ether into four equal parts and 
extract with each part successively, our yields will be as 
follows : 



i86 THEORETICAL AND INORGANIC CHEMISTRY 


From the lirst extraction X 100 = 43%, leaving 57% behind 

3 + 4 


second 

AZ ^ _. 3 _ ^ 
100 34-4 

100=24% 

.> 33% 

tliird „ 

33 X 

100 34-4 

100= 14^)0 

19% 

IcTSl 

19 3 

- - X — X 

100 3 1 4 

100= 8% 

• 1 II /O 


By doing lour extractions instead of one with the same total 
volume of ether we have therefore diminished the loss from 25 per 
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cent to II per cent, and in general 
the more numerous the extractions 
the more efficient the pnx'ess, but 
the number is in practice* resti icted 
bv considerations of tune and 
wastage. 

4 and 5. Other Equilibria in Solu- 
tion . — Examples of the application 
of the distribution law to otlicr 
e(iuilibria in solution will be given 
in the next chapter. Meanwhile we 
may explain the principle on which 
the mccisurernents are based. 

An ei] iiilibrium in solution 
X + Yc^Z cannot usually be in- 
vestigated by analysing the 
amounts of X, Y, and Z present 
together, because as soon as one or 


other is removed for analysis the 
equilibrium is disturbed and more of this substance is produced. If, 
however, wo can discover a second solvent immiscible v\ith the first 


in which only one of the reactants or products (say X) is soluble, 
we can investigate the problem with the help of the distribu- 
tion law. The distribution ratio of X between the two sol- 


vents must first be measured in experiments in which neitht'r 
Y nor Z is present. The whole equilibrium is then investigated 
by determining the concentration of X in the solvent in which it 
alone dissolves when in equilibrium with the soh'ent containing 
the reaction mixture. The concentration of X in the latter can 


then be found by dividing (or multiplying) by the distribution 
ratio, and if the concentration of (Y-f-Z) is known our information 
is complete. When the solvent A is added to the solvent B 
with the equilibrium already established in it, the equilibrium is 
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disturbed, and moves towards the left, owing to the removal of X. 
A new position of equilibrium is rapidly achieved, but of course the 
constant K is unaltered. 


SUGGESTED FOR FURTHER READING 
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HOMOGENEOUS EQUILIBRIUM 
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bases — Heat of neutralization — l^recijutation — Double salts — Complex 
salts — Methods of investigating; complex ions, chemical tests for con- 
stituents, abnormally high solubility, distribution, conductivity, transport 
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Indicators — Titration — Bu Tier sol uticms — Mixed indicators — Measurement 
of hydrolysis, indicator method, conductivity method, distribution method, 
freezing-point method, catalytic method, electrode potential method — 
Homogeneous catalysis — Intermediate compound theory — Intensive drying 
— Negative catalysis — 1 ’remoter action. 


Ionic EQuilibrium. — Our discussion of chemical equilibrium has 
for the most ])art been confined to reactions between molecules, 
except in the case of the dilution law of Ostwald, which is g^encrally 
applied to ions in low concentration in equilibrium with undis- 
sociated molecules. In this chapter we shall further consider the 
application of the law of mass-action to equilibrium between ions. 
Modern chemistry is so largely a chemistry of solutions — and 
aqueous solutions at that — that these applications have become 
of fundamental importance. 

As an example of what is meant by an ionic equilibrium, we 
may take the reaction between solutions of ferrous sulphate and 
silver nitrate. If these solutions are mixed and allowed to reach 
equilibrium at a definite temperature (several hours are recfuired), 
the following action takes place: 

3FeS04+3AgN0s^3Ag | +Fe2(S04)3+Fe(N0,,)3. 

In the same way, if silver is shaken with ferric sulphate solutions, 
some of the silver dissolves and some of the ferric iron is reduced 
to the ferrous state. The equation that we have used to express 
the change fails because it implies that the sulphate and nitrate 
play some i)art in the reaction, whereas any other anions can be 
substituted for them, provided that they do not introduce reactions 
of their own. The reaction is in fact between the iron and the 
silver. Such difficulties can be avoided by the use of ionic equations, 
which invariably introduce a simplification. The ionic equation 
is derived from the older form simply by eliminating ions that 
occur on both sides. In this change, if we suppose all the salts to 
be fully ionized, we may write the equation : 

3Fe' +3S04"+3Ag +3N03'^3Ag j +2Fe ' -f-3S04"+Fe ' +3X0,' 
and this immediately reduces to; 

Fe"+Ag’^Fe"'4-Ag , 
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an equation free from the defect that has been mentioned. It 
implies that the change consists in the transfer of an electron from 
a ferrous ion to a silver ion, which thereby becomes an atom of 
silver and is precipitated, while the ferrous ion becomes a ferric 
ion. The reaction is one that can easily be subjected to experiment. 

rFe' l 

If the law of mass-action is obeyed, the expression 

should be a constant (since the active mass of the precipitated 
silver is a constant), and the values of this expression are in fact 
approximately constant at high dilutions. Very few cases are 
known in which the law of mass-action is exactly obeyed, either 
by neutral molecules or by ions, and ions obey it on the whole 
with rather greater divergences than neutral molecules. Never- 
theless the law is sufficiently in accordance with experiment to be 
a useful quantitative guide in reasonably dilute solutions. 

Solubility-product. — These ideas can be applied to ‘ insoluble ’ 
or slightly soluble salts. The equation representing the precipita- 
tion of barium sulphate from mixed solutions of any sulphate and 
any barium salt is : 

Ba'+S 0 /->BaS 04 |. 


Since barium sulphate can be shown to have a slight solubility in 
water, the change is to some small extent reversible. If we apply 
the law of mass-action to the dissociation of the almost completely 
dissociated salt (and the very high dilution must be our justification) 

we get where [BaSOJ represents the minute 

concentration of undissociated barium sulphate in solution. Now 
in the presence of the solid, and at equilibrium, this must be a 
constant, whence [Fa”] [SO4"] must be a constant in solutions 
saturated with barium sulphate. This expression is called the 
soluhility-prodiict, and the solubility-product is approximately 
constant for a slightly soluble salt at a fixed temperature. Ionic 
concentrations are nearly always expressed in gram-formula- 
weights per litre, and the solubility expressed in the same way 
is equal to the square root of the solubihty-product, provided the 
salt includes only two ions per lormula- weight. 

In order to give some idea of the degree of constancy which 
can be expected in the solubility-product we cannot do better 
than quote the results obtained by Nernst in 1889, two years 
after the enunciation of the ionic theory by Arrhenius. If the 
solubility-product really is constant, the apparent solubility of 
any slightly soluble salt will be reduced by the addition to the 
solution of any salt with a common ion. It was widely known 
that this was generally true, but Nernst decided to carry out a 
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quantitative test. He therefore determined the solubility of the 
slightly soluble salt silver acetate in strong solutions of silver 
nitrate and sodium acetate, and obtained the following results: 


!Ag-] 

[Ac'J 

[Ag-] |Ac'] 

o-oC)03 

0*0603 

0-0036 

0*1027 

0*0417 

00043 

0*^531 

0*0341 

0-0052 

0*2495 

0*0195 

0*0049 

0*0392 

0*1002 

0*0039 

0*02^0 

0*1470 

0*0041 

0*0208 

0*2508 

0*0052 


More favourable results could be quoted from modem work, but 
those given are interesting because they were the first measurements 
of the kind. Notice that the biggest deviations from theory occur 
in solutions in which one of the ions is present in fairly high con- 
centration — M/4 — and this is generally true of solubilit3;'-product 
determinations. Since the calculations are usually applied to 
salts much less soluble than silver acetate, agreement with theory 
is very often more satisfactory than in the measurements here 
quoted, and as we shall presently sec, in the study of precipitations 
a variation of several hundred per cent in the solubility-product 
will frequently make no difference detectable by exj)eriment. 

Two simple examples of these ideas may be given: 

1. Common salt may be precipitated from its concentrated 
solutions by pa.ssing hydrogen chloride into them. This is a 
well-known method of freeing it from bromides and iodides, but 
it must be pointed out that in addition to the solubility principle 
another effect is at work — the hydrogen chloride combines with 
the water and renders some of it incapable of acting as a solvent. 
That this ‘ dehydrating ' effect is very hnportant is shown by the 
fact that cold concentrated sulphuric acid precipitates sodium 
chloride as readily as does hydrogen chloride. 

2. Sodium carbonate can be partially converted to caustic soda 
by prolonged boiling with lime. The reaction is: 

Ca(OH)2 ; -i-C 03 "^CaC 03 j d-20H', 
and at equilibrium the solution is saturated with both of the 
slightlv soluble substances calcium hydroxide and calcium car- 
bonate. Let [Ca '] [OH]2=/vj, and [Ca“] then 


The reaction will therefore proceed until this con- 


[OH'!2_Ai 
rco3'] 

dition is fulfilled, and as the solubility-product of calcium carbonate 
is much smaller than that of calcium hydroxide, the transformation 
can be carried out with some success. 
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The idea of the solubility-product can be applied to all solvents, 
but before considering in greater detail its applications to aqueous 
solutions we shall examine some of the peculiarities of water as a 
solvent, and particularly its ionization. 

Ionization of Water. —That water is ionized follows from the tact 
that its electrical conductivity cannot be indefinitely reduced by 
the removal of impurities, but tends to a minimum value. That 
its ionization is extremely small lollows from the very low value 
of this conductivity. The purest water ever produced was obtained 
m small yield by Koiilradsch and Heydweillek alter nineteen 
distillations in a platinum apparatus. When transferred to a 
glass conductivity cell (which had been kept filled with conductivity- 
water for ten years to remove soluble impurities) it was found to 
have a specific conductivity ol 0*043 reciprocal megohms at t 8°. 
Assuming the dissociation to be OIT, and knowing 

the values of the mobilities of the hydrogen and hydroxvl ions as 
deduced from conductivity measurements, we obtain [H']~ [OH'] 
- 0*78 X 10*’. The law of mass-action can be applied to .so minute 
a dissociation, and since the active mass of the undissociated water 
(owing to its enormous preponderance) is a constant, we may 
write [H‘] [OH*]=o*6i x io~^^. The value of [H‘] [OH ] is called 
the ionic product of water and is usually denoted by K^. The best 
values of this constant, obtained by the methocls which will be 
discussed in due course, are: 

®C. o 18 25 50 100 

0*12 0-59 1-04 5-50 51-3 

The Ionic Product of Water 

From these figures it a].)pears that in pure water at 25° only one- 
ten-millionth of the molecules are at any moment di.ssociated ; its 
low conductivity is therefore not surprising. The four principal 
methods of calculating the ionic product of water are as follows: 

(i) From the conductivity of pure water, as above. 

(ii) From the catalytic effect of hydrogen and hydroxy I ions (p. 212). 

(lii) From mea.surcments ol hydrolysis (p. 203). The degree of 

hydrolysis, as determined by e.xperiment, is inserted in the 
equation (p. 204) connecting it with the ionic product of 
water and the dissociation-constant of the weak acid or 
base, which must be measured in separate experiments. 
The only unknown in this equation is then the ionic product 
of water, which can therefore be calculated. 

(iv) From E.M.F. measurements with a hydrogen electiode m 
acid and alkaline solutions (p. 258). 

The.se methods all give concordant results. 
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Acids and Bases. — It is chiefly to the fact that they have an ion 
in common with water that acids and bases owe the peculiar pro- 
perties in aqueous solution which make it necessary to consider 
them as se])arate classes of substances. Acids are usually taken to be 
substances that in aqueous solution liberate hydrogen ions, bases 
substances that in aqueous solution liberate hydroxyl ions. That 
acidic and basic properties are closely connected with the presence 
of water has been shown by many ingenious experiments. A 
solution of dry hydrogen chloride in dry toluene will not liberate 
carbon dioxide from marble, nor will it act on iron, but as soon as 
a drop of water is added action begins. The precise connection 
between aridity and the nature of the solvent is still obscure, and 
will be further discussed in the section on the electron theory of 
valency, but in the meantime, for want both of adeejuate theory 
and of experimental data upon which to base it, the discussion 
will be confined almost entirely to aqueous solutions, and we shall 
find no inconvenience in a definition of acidity in terms of water. 

The chemical properties of acids are readily represented by this 
method. The solution of, say, zinc proceeds as follows: 

Zn 4 2H‘->Zn* -f Hg t I 

and of zinc oxide: 

ZnO-T2H — ^-Zn -f-HjjOj 
while the action on zinc carbonate is: 

ZnC03-|-2H'-^Zn‘ -f-HgCOa, followed by HgCOgF^COo-l-HgO. 

Physico-chemical conceptions of what compounds may properly 
be classed as acids or bases have been much extended during the 
past thirty years, mainly owing to the initiative of Lowry in 
England and HrOnsted in Denmark. The typical property of an 
acid A is taken to be represented by the forward direction of the 
equation 

A^A'+H', 

that is, an acid is regarded as a proton donor. ;\ base B acts typically 
as a proton acceptor, according to the forward direction of the 
equation 

B+HVBH'. 

If this latter change occurs m aqueous solution, the removal of 
hydrogen ion will, in obedience to the equation 

[H’] [Oir]^K^ (see p. 191), 

cause the concentration of hydroxyl ion OH' to rise; that is, the 
liquid becomes alkaline. The functions of acid and base are con- 
jugated, for A' is a base, and BH' is an acid. Chemical compounds 
yielding hydroxyl ions, such as sodium or potassium hydroxide, are 



HOMOGENEOUS EQUILIBRIUM 


193 


strictly not bases, but ' basigens/ for they liberate the true base 
OH'. Further, many compounds and ions not hitherto regarded as 
bases must according to these views be included in the class, e.g. 
acetate ion. Ammonia is included not on the doubtful ground of 
the formation of ammonium hydroxide NH4OH, but because of 
the reaction 

NHs+HVNH/. 

The class of acids must also be widened to include, for example, 
ammonium ion NH4’. One advantage of this modern view is the 
great simplification possible in the explanation of salt hydrolysis 
(p. 204). We can say that sodium acetate yields an alkaline 
aqueous solution simply because it contains a base, acetate ion, 
and ammonium salts give acid solutions because they contain an 
acid, NH4 . In dealing with non-aqueous liquids the facts can only 
be reduced to order by adopting such a broadened outlook as has 
been outlined. It must not be forgotten that suitable substances 
exhibit typical acidic and basic behaviour in benzene solution, 
wherein there can be no free existence of either hydrogen or hydroxyl 
ions. However, the practical chemist will no doubt hesitate to 
abandon the traditional ideas, which, it must be admitted, serve 
reasonably well lor atjueous solutions. The new views lead to 
alternative ways of applying the law of mass-action to weak bases, 
such as ammonia, in aqueous solution : from the equation 


NH.+HVNhV 

we derive the relation 

[NH4'] 

[NH3] ' 


but in aqueous solutions we must always have 
hence we find 


[ojT] 

[NIL] 




[H-] [OH']=AL: 


Heat of Neutralization,— The neutralization of a strong acid by 
a strong base is simply: 

H +0H'-^H20. 


The same cannot be said of the neutralization of a weak acid by 
a v^eak base. The action of, say, acetic acid on ammonia must 
be written: 


CH3.COOH-hNH3-^CH3.COO'-fNH4‘, 


and we are really concerned with two successive changes, CH3COOH 
-^CHaCOO'-fH’, and NHa-f H’->NH4‘. these considerations 

are correct, the heat liberated when one gram-molecule of a strong 
acid neutralizes one gram-molecule of a strong base should be a 
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constant, since in every case the action is the same, whereas the 
heat of neutralization of weak acids or bases will include the heat 
change on dissociation and will therefore be variable. This has 
been experimentally verified, and the very close agieement between 
theory and experiment is strong evidence in favour of the dis- 
sociation theory. 


Strong 



H^eak 



A cid 

Base 

Calottes 

And 

Base 

Calortei 

HCI 

Kon 

13.750 

CHgCOOH 

NaOl I 

13.-230 

HCl 

KciOH 

13.740 

c HCl, .coon 

NaOH 

14,830 

HNO3 

Kon 

13.770 

H3PO, 

NaOH 


HNO3 

NaOIT 

Heats of 

HT- 

Neutralization 

NaOH 

c 

0 


For approximate calculations it is convenient to make Rw equal 
to I X 10" at 25°. The ionic product of water is a constant, bence 
the value of the hydroxyl ion concentration is in acid solutions 
depressed below the small value of io~’ which it has in pine water, 
and the same applies to the hydrogen ion concentration of alkaline 
solutions. Since it may be assumed that strong acids and bases 
are completely dissociated in dilute aqueous solution, the calcula- 
tion is an easy one. Thus a M/ioo solution of hydrochloric acid 
has at 25° a hydrogen ion concentration of to~ 2 and a hydroxyl 
ion concentration of while a M/tooo solution of caustic soda 

has a hydrogen ion concentration of lO”^^ and a hydroxyl ion 
concentration of 10“^. 'fhe hydrogen ion (oncenlrution occurs so 
frequently in calculations that a special symbol has l)cen invented 
to represent it — pa — equal to the log^o of the true conc'cntration 
with the minus sign omitted. Thus pw 4-5 indicates a hydrogen 
ion concentration of l0“'^’^ and so on. 


As an exercise we may calculate the pu value of a M/ioo solution 


of acetic acid. The dissociation-constant of this acid i: 
[H*] [CH^.COO'J . ^ .u I ^ 


1-85 X 10"-’^ 


or — ; 1-85 xio~^ Since the hydrogen and acetate 

[ 1 C yCJvJ Ji J 

ions liavc both been derived from the acid, [H‘]==fCH3.C0()n, and 
since the degree of dissociation is obviously extremely small, we 


may without sensible error write [CH3.COOH j 


Hence 


1-85x10“’ or fH']=4-3XiO“^ or or, otherwise 

expressed, pu~y^. The solution has about the same hydrogen 
ion concentration as a M/2,500 solution of hydrochloric acid. 

Precipitation. — We are now in a position to study precipitation 
from a quantitative point of view, and may begin with hydrogen 
sulphide on account of its wide use in the laboratory, particularly 
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in analysis. Hydrogen sulphide is a weak dibasic acid which 
dissociates in two steps, the constants at 25° being approximately: 


[H-][HS1 

1 H,S] 


and 


[K] [S"] 
■ [HS'] ■ 




As we shall not consider any complications which may arise from 
the presence of the HS' ion, it may be eliminated at once by multi- 
plying the equations together, obtaining the equation: 


[ILS] 


22 


Hydrogen sulphide is therefore a very weak acid, and the con- 
centration of the ions is negligible in comparison with that of the 
undissociated molecules. In an aqueous solution saturated at 25° 
and at atmospheric pressure, [H2S] is about o-i, so that under 
tliese conditions |H*]“ [S"]=io“ 23 . This equation controls the 
precipitation of metallic sulphides from aqueous solutions. Ob- 
viously the greater the hydrogen ion concentration (i.e. the acidity) 
the lower the sulphide ion concentration. High sulphide ion 
concentrations are only reached in alkaline .solutions; this is because 


soluble metallic sulphides arc largely dissociated, while hydrogen 
sulphide is not. Reaction with the water of the solution com- 
plicates the simple calculation, but it is possible to deduce the 
following values for the sulphide ion concentration of the solutions 
u.sed in qualitative analysis: 


M/io (NH.,)2S 2X10“-® 

Water, satin ated at atmospheric pressure wilh H.>S . lO"^'* 

M/5HCI „ „ ., „ “ , 10-22 


As is well known, the salts of Cu, Cd, Ag, Pb, ITg, Ri, As, Sb, and 
Sn arc precipitated fiom acid solutions by hydrogen sulphide, 
whereas the salts of other comiinm metals are not. Taking M/io 
as an average value of the concentration of the cation, supposed 
bivalent, we know that the solubility-product o-i [S"] will just be 
reached when precipitation takes place. If, as above, the value 
of [Sn in the acid solution is 10-22^ those metals will be precipitated 
in acid solution whose sulphides have a solubility-product less 
than 10 - 23 . This is true of most of the metals mentioned: thus 
the solubility-products of copper, mercuric, and silver sulphides are: 

[Cu-] [S'']-io-^2 [S"]=-.-io -54 [Ag']2 [S"] = io-e«. 

Other metals (e.g. zinc) can be precipitated as sulphides from 
alkaline but not from acid solutions, and their solubility-products 
lie between 2x10“® and 10 *22^ Some metals lie near the border- 
line and may be placed in the wrong class if the acid concentration 
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is not carefully adjusted. Solutions of cadmium salts in strong 
hydrochloric acid are not precipitated by hydrogen sulphide, 
whereas zinc salts may come down if the acid concentration is not 
high enough; this is because the solubility-product of cadmium 
sulphide is only a little less than ^nd that of zinc sulphide 

only a little more. Such a reduction in the hydrogen ion concen- 
tration may arise unexpectedly if the anion of a weak acid is 
present in the solution, because this amon absorbs the added 


hydrogen ions, which are then not available to repress the ionization 
of the hydrogen sulphide. When, for example, dilute hydrochloric 
acid is added to a solution of zinc acetate the hydrogen ions of 
the acid form the very slightly dissociated substance acetic acid 
with the acetate ions, leaving the hydrogen ion concentration of 
the solution not much affected, and if the hydrochloric acid is not 
added in sufficient quantity to overcome this effect, zinc sulphide 
will be precipitated from the solution by hydrogen sul]:)hidc. 

Similar considerations apply to precipitations with ammonia. 
We have seen that the equilibrium equation may be written 

= A", where [NH3] represents the concentration of the 

total ammonia dissolved m the solution. The value of the constant 
is about i*8xiO“®, so that in a M/2 solution of ammonia [NH^'] 
= [OH'] = \/ 0'5 X 1*8 X io-®=3 X io~®. From this we can see which 
metallic hydroxides will be precipitated by such a solution. Take 
magnesium as an example. In a M/5 solution of magnesium chloride 
[Mg“] is about 0-2, so that, if the solution is at the same time M/2 
in ammonia, [Mg”] [OH']2=o*2 x (3 X io~®) 2 =i -8 x io~® This is 
greatly in excess of the solubility-product of magnesium hydroxide 
(i*5Xio~^^), which will therefore be precipitated. The precipita- 
tion, however, as is well known in qualitative analysis, can he 
prevented by the addition of a sufficient excess of ammonium 
chloride. The effect of this substance is to drive back the reaction 
NH3-I-H ^NH4' to the left by providing an excess of ammonium 
ions. Suppose the solution is 2M in ammonium chloride. Then 
[NH4’] = 2, [NHJ as before is 0*5, and consequently [OH'] = 

1-8 X 10”® X 0*5 „ 

‘^=:4*5Xio-«. 


Then [Mg’ ] |OH']“==o- 2 x (4 5 x lO”®)* 


=0*4X10"^®. This is below the solubility-product ot magnesium 
hydroxide, which should therefore not be precipitated. The older 
theory that the precipitation of magnesium hydroxide is prevented 
by the addition of ammonium chloride on account of the formation 
of double salts, though demonstrably incorrect, is stiU found in some 
works on analysis. 

Precipitations with carbon dioxide can be treated m the same 
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way. Thus calcium carbonate cannot be precipitated by carbon 
dioxide from calcium chloride solutions because the concentration 
of carbonate ions from the reaction C02+H20^H2C03^2H’+C03'' 
is never sufficiently great for the solubility-product [Ca"] [CO3''] 
to be exceeded. But it can be precipitated from solutions of 
calcium hydroxide (* hme-water *) because the hydroxyl ions 
combine with the hydrogen ions provided by the carbonic acid 
and cause it to dissociate further, thus producing carbonate ions 
in sufficient concentration for precipitation to take place. 

Double Salts. — The nature of the ions that a salt will furnish 
in solution is not always obvious from inspection of the formula, 
and must be decided by experiments on the solution. Salts 
containing more than one possible anion or cation can be divided 
into two classes: the so-called double salts and complex salts. The 
former give in solution the reactions of all the ions of their con- 
stituent salts, the latter may not. 

As an example of a double salt we may give the well-known 
compound ferrous ammonium sulphate, (NH4)2S04.FeS04.6H20, 
which can be precipitated from suitably concentrated solutions of 
ferrous sulphate and ammonium sulphate. In solution it gives 
the reactions for the following ions: NH4*, Fe , and SO4", and its 
solutions cannot be distinguished from solutions of its constituents 
mixed in equimolecular proportions. The formation of double 
salts probably depends on space relations in the crystal: if the 
ions fit easily into the lattice together, a double salt may be pro- 
duced. Such substances must, however, be distinguished from 
solid solutions or mixed crystals in which the points of the lattice 
are indifferently occupied by one ion or the other. Double salts 
are true compounds and the arrangement of the ions within the 
lattice is identical in all parts of the crystal, while the criterion 
of invariable composition is always observed. 

Complex Salts. — Complex salts do not give all the ions of their 
constituents in solution. If silver cyanide is dissolved in a solution 
of potassium cyanide, no precipitate of silver chloride can be 
obtained on the addition of a soluble chloride. The potassium 
ions are still present, but the silver ions are no longer in evidence, 
though means are known of demonstrating their presence in minute 
concentration. The vast majority of them have been absorbed 
to form argentocyanide ions in accordance with the equation 
Ag' -f 2CN' ?=iAg(CN)2'. Other well-known examples of complex ions 
are the ferrocyanide Fe(CN)3"" and the ferricyanide Fe(CN)g'", pro- 
duced by the union of six cyanide ions (CN') with a ferrous or ferric ion. 
Complex ions are of very great importance in solution chemistry, and 
we shall therefore give a general account of their peculiarities. 

Methods of Investigating Complex Ions.— There is no sharp 
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distinction between complex ions like ammonium or ferrocyanide 
— which are so stable that it is difficult to demonstrate the presence 
of their constituents in their solutions — and such complexes as 
hydrated ions (e.g. Co. 6 Hj, 0 ‘*), wliich decom|)ose comparatively 
easily. Generally speaking, complex ions of all classes are quite 
as stable in the solid state as in solution, and in the crystal they 
can often be detected by the ordinary methods of X-ray analysis. 
We shall now describe the jmncipal methods of detecting complex 
ions in solution and of estimating their concentration. 

T. Chemical Tests for Constituents . — When ammonia is added to 
a solution of silver nitrate, the precipitate of silver oxide dissolves 
in excess of ammonia, and if enough ammonia is present, con- 
siderable quantities of potassium chloride can be added without 
producing a precipitate of silver chloride. By making the experi- 
ment quantitative and carrying it out under various conditions of 
concentration it can be shown that the complex has been formed 
by the union of one silver ion with two molecules of ammonia: 
Ag‘-f-2NHyr^Ag.2NH3', and that the equilibrium equation is 

^ 7Xio~^ at 25'^. The equilibrium lies so far to the 

right that in dilute chloride solutions the solubility-product of 
silver chloride is not exceeded, as can easily be seen by calculation 
[CTJ— 2 X 10“^^). But silver bromide is so much less soluble 
than silver chloride that a far smaller concentration of potassium 
bromide will produce a precipitate, while silver iodide, the least 
soluble of the three, is precipitated in very low iodide concentra- 
tions. This method can be used to separate silver chloride from 
silver iodide. The usual explanation is that ' silver ( Idoride is 
more soluble in ammonia than silver iodide,' but this is not a 
satisfactory way of stating the facts. 

Both the silver ion and the ammonia molecules have had their 
properties entirely changed by combination. The compound 
AgC1.2NH3 is well known in the solid state, and is soluble in water, 
while its aqueous solution has strong basic properties, contrasting 
with the only weakly basic properties of ammonia. 

Both cyanide ions and ammonia molecules form stable complex 
ions with many of the metals. This property will be explained in 
Chapter XI. Among the best-known cyanide complexes are those 
with Cu, Ag, Au, Zn, Cd, Hg, Fe, Co, Ni, while the metals forming 
ammonia complexes include Cu, Ag, Zn, Cd, Ni. The composition 
and stability of these ions are very various. The relative stability of 
the copper and cadmium cyanide complexes is beautifully demon- 
strated in the analytical process for their separation. When the 
mixed copper and cadmium solutions have been treated with 



HOMOGENEOUS EQUILIBRIUM 


199 


potassium cyanide nearly all the copper is present in the cuprous 
condition as the very stable ion Cu(CN)3", while some of the cad- 
mium is present as Cd(CN)4". That tlic cupric ions have disappeared 
is evident from the colourless solution. If now ammonium sulpliicic 
is added to the mixture, a precipitate consisting entirely of the 
bright yellow cadmium sulphide is obtained. In spite of its very 
1(3W solubility, copper sulphide cannot be precipitated from the 
cyanide solutions because they contain practically no copper ions, 
whereas the cadmium complex is less stable. 

FjaiLiNci’s solution, so well known in organic chemistry, is a 
mixture of copper sulphate, sodium potassium tartrate, and excess 
of caustic soda. Since the solution is pcrft^ctly stable, containing 
a large excess of hydroxyl ions but giving no precipitate of cupric 
hydroxide, it must contain the copper in a complex ion. The 
formula of the latter is 2", and its colour dark blue. Copper 

sulphide can be precipitated from it with ammonium sulphide. 

2. Abnormally High Solubility . — When substances insoluble m 
water show considerabh' solubility in a solution with which they 
are not known to undergo a chemical reaction, the formation of 
complexes may be inferred. We have already discussed the 
solubility of silver chloride in ammonia; similarly all silver salts 
will dissolve in cyanide solutions, the complexes Ag(CN)2' and 
Ag(CN)3" being, with the ferro- and ferricyanides, among the most 
stable cyanid(‘ complexes knowai. Even the highly insoluble silver 
sulphide ([AgY*^ [S"J~~io will dissolve in concentrated cyanide 
solutions, and for this reason potassium cyanide is sometimes 
found as an ingredient in plate-powders, though its use for this 
purpose is exceedingly dangerous. 

Mercuric oxide, though very insoluble in water, dissolves slightly 
in bromide solulions and readily in iodide solutions. Measurements 
of the solubility show that the action is HgO j -f 4r-h H.20;F^HgI/ 


+ 2OH' and that the equilibrium expression 


[Hgl/] 

■ [vy 


IS 


fairly constant in dilute solutions. (Since two hydroxyl ions are 
produced for every molecule of mercuric oxide that dissolves, the 
process is sometimes used in preparing solutions of standard 
alkalinity: a weighed (juantity of the oxide is dissolved in excess 
of potassium iodide solution and the solution used for the stan- 
dardization of acids.) For the same reason, when excess of jiotas- 
sium iodide is added to the solution of a mercuric salt, the scarlet 


precipitate of mercuric iodide that is at first produced readilx 
dissolves in excess to give a colourless solution : 


(i) Hg--f2r-^Hgi2 1 (ii) Hgi2i+2r->Hgi;' 

scarlet scarlet colourless 
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Similar considerations apply to the solubility of cupric hydroxide 
in excess of ammonia to form the distinctive deep blue colour of 



Fig 04. Solubility of Iodine in 
Hydrochloric Acid 


the copper - ammonia ion (or 
ions). Quantitative investiga- 
tion of the system is difficult 
because some of the cupric 
hydroxide is in colloidal solu- 
tion. In the presence of excess 
of ammonia the ion is chiefly 
Cu. 4NH3‘' (cf. p. 201). 

Iodine, though only very 
slightly soluble in water, is 
much more soluble in hydro- 
chloric acid. The diagram 
(Fig. 64) shows that the relation 
between iodine solubility and 
acid concentration is a linear 
one. The point A represents the 
solubility in pure water. Distri- 
bution measurements similar 
to those described in the next 


LT [ 1 2] • 

Hence constant, 


Ben z ene Layer 


section show that the complex is Cll.^'. 

and if we assume that the 
increased solubility is entirely due 
to the formation of this complex 
ion the linear solubility relation 
follows at once, since [CII2'] is 
negligible compared with [Cl']. 

3. Distrihuiion Method . — This 
is one of the oldest and most 
successful methods of investi- 
gating complexes, and has been 
used since the nineties to examine 
the complexes formed between 
iodine and halide ions. The 
stability of these complexes 
increases in the order chloride, 
bromide, iodide; and the solu- 
bility of iodine in solutions of 
potassium iodide is put to 
constant use in the laboratory. 

If these solutions are shaken up with a solvent such as benzene or 
carbon tetrachloride, immiscible with water, some of the iodine is 
extracted from the aqueous layer, but none of the ions (Fig. 65). Iodine 


ly I ^ I3 


Water La yer 


Fig 65 Distribution of Iodtne 
BETWEEN Benzene and Aqueous 
Potassium Iodide 
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IS known to exist exclusively as diatomic molecules in both water 
and benzene, and consequently has a nearly constant distribution 
ratio between these solvents in the absence of complex-forming 
substances. By dividing the concentration in the benzene layer 
by this ratio it is therefore possible to calculate the concentration 
of iodine as 1, in the potassium iodide solution, and if the total 
concentration as L and I3' is known, the concentrations can be 

This test IS found to 


Cl -j rj/j 

inserted in the equation =con.>>tant. 

1I3 J 

give satisfactory results, whereas alternative proposals, such as 




or 


2L+r^i5 


give unfavourable ones. It is perhaps necessary to make it clear 
that the direct chemical method 
of investigating the equilibrium 
is bound to fail, since on analysis 
with thiosulphate, for example, 
the tri-iodide ion progressively 
decomposes as the iodine is 
removed. 

Similar methods have been 
used in examining by distribu- 
tion experiments with chloro- 
form the copper-ammonia 
complex ion in the presence ot 
excess of ammonia. The 
diagram (Fig. 66) makes the 
method clear. 

4. Conductivity Method. — The 
changes in the electrical con- 
ductivity of solutions that complex formation brings about sometimes 
provide useful evidence Thus the addition of stannic chloride to 
hydrochloric acid reduces the conductivity considerably, a fact 
which points to the formation of a chloro-stannate (p. 605) or some 
other complex: SnCl44-2Cr^SnClfl'", The decrease in conductivity 
may be taken to indicate a decrease in the number of ions in the 
solution. Conductivity found its chief application in this field when 
Werner used it to elucidate the structures of the complex salts of 
cobalt, platinum, and other metals. These substances are more 
complicated than any we have hitherto considered and will receive 
fuller treatment later on when their structure is discussed (Chapter 
XI). Meanwhile we may briefly examine the series of substances, 
all containing bivalent platinum, whose formulae may be written: 
(1) Pt.4NH3.Cl2; (2) Pt.3NH3.Cl3; (3) Pt.2NH3.Cl3; (4) K.Pt.NH3.Cl,; 


Water I 


Cu V 4 NH 3 ^Cu. 4 NH “ 



NH3 


I j Ch l orof orm Layer 1 1 

Fig 66. Distribution of Ammonia 
BETWEEN Chloroform and a 
Copper Sulphate Solution 
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(5) K2PtCl4. In the diagram (Fig. by) their molecular conductivities 
at equal dilution are arranged in order. Since No. (3) does not 
conduct at all, it does not furnish any ions in solution, and the order 
of the conductivities of the remainder leads one to suppose that 
Nos. (2) and (4) have two ions each and Nos. (i) and (5) three each. 
The formulae are therefore tentatively written: (i) [Pt.^NH3]++2Cl~; 
(2) [Pt.3NH3.Cl]^Cl-; (3) Pt.2NH3.Cl2: (4) K+rPt.NH3.Cl3]-; 

(5) 2K+[PtCl4j — . At this point we notice {a) that the charges are 

correct, each platinum ion (-ous) 
contributing two positives, each 
chlorine ion one negative, and the 
ammonia molecules nothing; (b) 
that this arrangement gives four 
ammonia molecules or chlorine 
atoms to every platinum atom. 
This regularity suggests that we 
are on the right track, and our 
views can be confirmed by chemical 
tests for the ions alleged to be 
present . I'hus Nos. (i) and (2) are 
the only salts that give a precipitate of silver chloride with silver 
nitrate, and in (i) the whole of the chlorine in the compound can 
be thus precipitated, in (2), however, only half of it. 

5. Transport Nitjubers . — Abnormal tran.sport numbers generally 
indicate complex formation, and unusually wide variations with 
dilution are specially significant. Hjitokf passed an electric 
current through a strong solution of cadmium iodic le and then 
measured the concentrations of cadmium and iodide near the 
electrodes. He found that electrolysis made little difference to 
the concentration of cadmium round the cathode, whereas a large 
increase might be expected, since when the current is passing all 
positive ions move in this direction. On the other hand, the iodide 
concentration round the cathode had suffered a quite abnormal 
decrease. At high concentrations the Hittorf transport number 
of the cadmium was in fact negative, the iodine trans]M)rt number 
greater than one. The explanation of these anomaious results is 
as follows. Concentrated cadmium iodide solutions form ions 
Cdl4" which travel to the anode, each double charge being associated 
with four iodine atoms instead of the normal two, whereas for each 
cadmium atom carried in this way to the anode a normal cadmium 
ion Cd" travels to the cathode. Since these complexes tend to 
break up with increasing dilution, the transport numbers also 
approach normality in dilute solutions. This type of auto-complex 
formation is also shown by the halides of the related elements zinc 
and mercury. Increase in concentration always increases the 
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proportion of complex ions in a solution containing auto-complexes, 
since auto-comj)lex formation reduces the total number of ions, e.g. : 
Cd*'-f4r^CdI/. 

6. Freezing-point Method. — When iodine is added to excess of 
an aqueous solution of hydrogen iodide the freezing-point of the 
acid solution remains unchanged. Since the freezing-point lowering 
is a measure of the number of particles per c.c. of solution, it follows 
that the addition of the iodine has left this number unchanged. 
The observation is in conformity with the changes l2-t-r;^^l3' or 
alg+T^V, but not with the changes Ig-t ^T^^I/ or Ig+sT^Is'". 
Other methods have shown that the first suggestion is the correct one. 

7. Colour of ihe Solutions. — Many complex ions are strongly 
coloured. Such are the blue copper-ammonia and nickel-ammonia 
ions, and the innumerable complex ions containing cobalt. On 
the other hand the cuprocyanides are distinguished from cupric 
salts by their lack of colour. By spectroscopic determinations of the 
depth of colour it is possible to make estimates of the concentra- 
tion of the complex present. An interesting example is afforded 
by the red and blue solutions of cobalt chloride. If the ordinary 
red solution of this salt is evaporated it gradually becomes blue 
as the concentration increases, and in recent years it has been 
suggested that the blue ions are C0.4H2O” and the red ones 
Co.bliaO”. But the question is complicated by the presence of 
C0CI4" and possibly other ions, and has not yet been definitely 
settled. It is also possible to measure absorption in the ultra- 
violet part of the spectrum, to which water is nearly transparent, 
and work of this kind has confirmed the existence of the tri-iodide ion. 

8. FAeclrode Polcntial Method. — A discussion of this method 
must be deferred to Chapter VIII (p. 2()i). 

Hydrolysis. — Having discussed reactions that may occur betw^een 
solute ions we must consider the aci ions that may take place between 
solute ions and the ions of the water itself. This restriction of 
the discussion to water is unfortunately made necessary by our 
comparative ignorance of other solvents, but a short account of 
reactions in liquid ammonia will be found in the section dealing 
with that solvent (p. 393). 

Certain types of reaction between water and substances dissolved 
in it are denoted by the general name of hydrolysis. As its form 
implies the term hydrolysis should be restricted to those reactions 
in wliich there is a separation of the hydrolysed substance into at 
least two parts: equation [a) represents the hydrolysis of chlorine, 
and equation (6) its hydration, 

CU-1- H.P-HC 10 +H +Cr (a) 
CI2+8H2O-CI2.8H2O [h). 
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Hydrolysis of salts can take place only when one of the ions of the 
solute is the anion of a weak acid or the cation of a weak base. 
Since a weak acid or a weak base is a substance whose molecules 
are only slightly dissociated in water, these ions will have the power 
of drawing hydrogen or hydroxyl ions respectively from the water 
to form the corresponding undissociated molecules. An excess of 
hydroxyl or hydrogen ions is thus left in the solution, which there- 
fore becomes alkaline or acidic, and this is the essential feature of 
salt hydrolysis. Solutions of salts of strong acids and weak bases 
are acidic, solutions of salts of weak acids and strong bases are 
alkaline. Solutions of salts of weak acids and weak bases may be 
either alkaline or acidic, according to which is weaker, or may be 
nearly neutral (e.g. ammonium acetate). 

First consider a salt BA, where HA is a weak acid but BOH a 
strong base. Then the action B -[-OH'->}^OII does not take place 
to any perceptible extent, whereas the action H d- A'->HA takes 

rii’i [An 

place to an extent governed by the equation where 

Xa is the dissociation-constant of the acid. Let the dilution of the 
salt be V (that is, let one gram-molecule of BA be dissolved in 
V litres of water), and let a fraction x of the A' ions be combined 
with hydrogen ions from the water to form undissociated HA. 

1 — X X 

Then 1A'1= y andfHA] = ^^. Now the concentration of hydro- 


'F' 


gen and hydroxyl ions originally present in the water is negligible 
in comparison with the concentration of the ions of the added 
salt, but for every hydrogen ion provided by the water to combine 
with an A' ion, a free hydroxyl ion must be left in solution. There- 

X 

fore fOH'J-- [IIAJ— y . Remembering that in all acpieous solutions 

fH’l |OH'] = /\w, we have that The fraction x is 

‘ ' V(i—x) Aa 

called the degree of hydrolysis, and when it is small (as it often is) 

a;-' Aw /AwTF 

Aa 

makes [H ] equal to V A’^a-Aw-R. By similar reasoning the degree of 
hydrolysis (when small) of the salt of a strong acid and weak ba.se 


we may write as an approximation or x~- V This 


/a V 

(dissociation-constant Kb) can be shown to be v ^ 


hydrogen ion concentration is then \/ 

Ar. V 


Ab 


and the 



HOMOGENEOUS EQUILIBRIUM 205 

These equations : 

and [H]=y 

Ab. y 

can be used only for dilute solutions and low degrees of hydrolysis, 
but are of great practical importance. The student should note (i) 
that the degree of hydrolysis and the hydrogen ion concentration 
are both independent of the nature of the strong constituent; 
(2) that the dilution appears as a square root, so that the hydrogen 
ion concentration varies comparatively slowly with changes in 
concentration. As an illustration we may calculate the degree 
of hydrolysis and hydrogen ion concentration of solutions of sodium 
acetate at 25° and various dilutions. 

The dissociation-constant /\a of acetic acid at this temperature 
is 1*8X10“^ and /vw“iXi0“if In M/io solution, therefore, 

/loxio-^^ ^ 

x—W o - — . =7X10“®, or 0*007 per cent, 
i*8xiO“® ' ' ^ 

while [IT] — Vi*8x io-®x lo-^^x io=i*3X io~®. 

Similar calculations at other dilutions give the following results: 

V 10 100 1,000 10,000 

X (per cent) 0*007 0*2 

[H’] I*3XI0“® 4*2X10-® 1*3x10-* 4*2 X TO-* 

These figures show how small is the hydrolysis of such a salt, even 
at high dilution. Nevertheless the alkalinity of sodium acetate 
solutions can easily be detected by indicators, whose behaviour 
in solutions of varying hydrogen ion concentration must now be 
considered. 

Indicators. — Hydrogen ion indicators are substances whose colour 
changes rapidly with change of hydrogen ion concentration of the 
solution in which they are dissolved. It was early recognized that 
this change of colour was due to a change of ionization, and it is 
indeed found that all indicators of this class are either weak acids or 
weak bases. We may suppose that the colour of the ions differs 
from the colour of the undissociated molecule: the more modern 
idea is that the molecule exists in two tautomeric forms, one of 
which is fully dissociated while the other is incapable of dissociation, 
the undissociated form and the ions having different colours. 

Form A ^ Form B Ions 

incapable of fully coloured differently 

dissociation dissociated from A 
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Without discussing this suggestion we shall represent the ionization 
of an acid indicator in the simplest pc^ssihle way: 


supposing HIn, in whatever form it may exist, to be differently 
coloured fiom In'. I'he hydrogen ion is, of course, colourless. 

Let Ki be the dissociation-constant of the indicator, which is 

, , [IT] [In'] ... 

a weak acid. Ihen Now' as an ap)proximation it 

is reasonable to supjiose that the indicator will appear to change 
most strikingly in colour when the differently coloured forms HIn 
and In' are present in equal concentration. At this point ! I n']= [Hln ] 
or [H ] = /vi. Tins relation is of fundamental imjiortance in 
the stu(i3^ of indicators. It t(‘lls ns (hat an indicator wall change 
colour when the hydrogen ion concentration of the solution is 
approximately equal to its own dissociation-constant. 'I'lie magni- 
tude of the dissociation-constant is therefore the most important 
property of the indicator. A few" values for common indicators are 
given in the table* 


Indicator 

Dibsoi lation- 

Methyl oiange 

4x10' 

Methyl led 

JO“^ 

Uroiuthyniol blue 

10-’ 

rhcnolphthalein 

IC)“® 

'I'll y mol j)hthalcin 

IQ- 10 


Titration. — When a titration is to be carried out an indicator 
is required which will change colour when equivalent quantities 
of acid and base have been mixed. If both acid and base are 
strong the resulting salt solution will be exactly neutral, that is 
to say, its hydrogen ion and hydroxyl ion concentrations will 
both be equal to io~’. But if either acid or base be w’eak the result- 
ing salt will be hydrolysed in solution, and even though the degree 
of hydrolysis may be small, yet the hydrogen ion concentration may 
differ considerably from io“’; see for example the table showing 
the hydrogen ion concentrations of sodium acetate solutions. 
Consequently bromthymol blue must be used onl}^ for strong acids 
and bases; for other titrations the hydrogen ion concentration of 
the salt solution at the equivalence point must be calculated and 
an indicator selected wnth a dissociation-constant approximately 
equal to this value. An example will make this clear. When 
equal volumes of M/5 acetic acid and sodium hydroxide have been 
mixed, the resulting solution is M/10 in sodium acetate. We have 
already (p. 205) calculated the hydrogen ion concentration of this 
solution to be i*3Xio~®: phenolphthalein changes colour very near 
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this concentration and this is the indicator that must be used. The 
hydrogen ion concentration is so slightly affected by the dilution of 
the sodium acetate that we shall always be correct in selecting this 
indicator for the titration of sodium hydroxide (or any other strong 



HCl and NaOH CHyCD OH and Na OH 



Fig. 68. Titration Curves 


base) with acetic acid (and most other weak acids), but at very great 
dilutions the determination of the exact end-point will be difficult 
whatever indicator is used. 

The changes that take place in the hydrogen ion concentration 
of a solution near the end-point of a titration can be brought out 
very clearlv bv a graphical method (Fig. 68). In any titration it 
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IS essential that the hydrogen ion concentration should at the end- 
point change very rapidly as the acid is added. If a small addition 
of acid does not bring about a considerable change in the hydrogen 
ion concentration, the indicator will alter in colour gradually instead 
of sljowing a sharp change on the addition of a single drop. The 
diagrams show the changes that take place in the hydrogen ion 
concentration near the equivalence point (2 per cent on either side) 
when various M/io acids are added to 25 c.c. of various M/io bases. 
A sharp change in the colour of the indicator takes place only on the 
flat parts of the curve. From these examples the following rules 
for titration can be drawn: 

(i) Strong acids and strong bases: any indicator from lO"® to 

(ii) Strong acids and weak bases, methyl red or methyl orange. 

(iii) Weak acids and strong bases' phenolphthalein or (for very 
weak acid.s) thymolphthalein. 

(iv) Weak acids and weak bases' this titration cannot be success- 
fully carried out with any indicator. 

Buffer Solutions. — If to the solution of a hydrolysed salt one of 
the products of hydrolysis is added (e.g. acetic acid to sodium 
acetate), the hydrolysis is repressed in accordance with the law of 
mass-action. Such mixed solutions have the useful property of 
showing very slight changes in hydrogen ion concentration on 
dilution or on the addition of small quantities of strong acids or 
bases. For this reason they are termed ‘ buffer solutions/ and are 
used when it is desired to keep the hydrogen ion concentration at 
a fixed value. They are much more suitable for this purpose than 
very dilute solutions of strong acids or bases, which are sensitive to 
the smallest traces of impurity derived from dust or the vessel in 
which they are contained. The mode of action of such a buffer 
solution as a mixture of sodium acetate and acetic acid is not 
difhcult to understand. If a little of a strong acid like hydrochloric 
acid is added to it, the hydrogen ions of the added acid are absorbed 
by the acetate ions to produce more acetic acid, and the dissociation 
of this substance is so slight that a small increase in its concentra- 
tion has no great effect on the hydrogen ion concentration of the 
solution. If, on the other hand, caustic soda is added, the hydroxyl 
10ns react with hydrogen ions from the acetic acid, leaving an 
increased concentration of acetate ions in solution. The weak 
acids principally used in the preparation of buffer solutions are 
citric, boric, acetic, and phosphoric. 

A set of such solutions can be made up with standard hydrogen 
ion concentrations (e.g. iO“^ lO"^ io~®, etc.), and if a small quantity 
of the same indicator is added to each, the range of the colour 
change can be effectively demonstrated. 
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Mixed Indicators. — In recent years much progress has been made 
in the preparation of mixed indicators, which show a series of 
colour changes over a large range of hydrogen ion concentration, 
or alternatively show a sharper change at a given hydrogen ion 
concentration than a single substance can do. Thus Smith re- 
commends a mixture of methyl orange, methyl red, bromo-thymol 
blue, and phenolphthalein, which has the following colours: 

h 3 4 5 7 9 10 II 

Co/our Red Red- Orange Yellow Yellowish- Greenish- Blue Violet Reddish 

orange gieen blue violet 

Such mixtures are mucli used in applied chemistry for the rapid de- 
termination of hydrogen ion concentrations. A mixture of methyl 
orange with a blue dye unaffected by changes of pn (‘screened' 
methyl orange) has colour changes mure obvious than those of the 
plain indicator. 

Measurement of Hydrolysis. — The degree of hydrolysis of a 
solution, like any other form of chemical equilibrium, cannot be 
directly measured by chemical analysis, since removal of any 
one of the reactants or products disturbs the equilibrium. From 
what has alieady been said it will readily be understood that the 
measurement ot hydrolysis really amounts to the measurement 
of hydrogen ion concentration; for the degree of hydrolysis x, the 
dilution V ot the salt, and the hydrogen ion concentration are 

connected by the simple relation x=[ll’]V or A;~-[OH']F==-f^v|- , 

Ibl J 

according to whether the hydrolysed solution is acid or 
alkaline. Some account may now be given of the methods 
employed. 

1. The Indicator Method . — The hydrogen ion concentration of 
the solution is estimated by observing the tint which a suitable 
indicator takes up when dissolved in it, or a buffer solution is 
prepared in which the indicator has the same tint and whose 
hydrogen ion concentration can be calculated. Owing to the 
difficulty of exactly matching colours by eye the method is not 
an accurate one, but various colorimetric devices are available 
and are of some assistance. The effect that salts have on the 
colours of some indicators is also a source of inaccuracy. 

2. The Conductivity Method . — This is one of the oldest, and 
remains one of the best, methods of measuring hydrolysis; in 
its improved form it is due to Bredig. It can, however, yield 
useful results only with salts whose solutions show considerable 
hydrolysis, say of the order of l per cent or more, and has there- 
fore been chiefly applied to the salts of organic bases, which 
frequently have very low dissociation-constants. 
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Consider a solution of aniline hydrochloride, CeH^.NHa.HCl. 
This salt yields the ions CfiH^.NHg' (' anilinium ') and Cr, and 
on account of the weakness of aniline as a base, hydrolysis takes 
place and the solution has a pronounced acid reaction. The disso- 
ciation constant for aniline is expressed as 



Fig. 69 Conductivity of Aniline Hydrochloride Solutions 

If X is the degree of hydrolysis of the hydrochloride at a dilution 
F, the concentrafion of the various ions is: 

[An-| = 'y^ lCr]=j', = ^ 

and the equivalent conductivity at this dilution will be: 

Av~ (l — 

where fx represents the mobility of the ion at this dilution. Since 
the hydrogen ion moves very much faster than the anilinium ion 
that it partially replaces, the equivalent conductivity of aniline 
hydrochloride solutions rise abnormally rapidly with dilution. 
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It is possible from the observed values of the conductivity to 
calculate the degree of hydrolysis directly, but it is better to proceed 
as follows. Add to the solutions enough aniline to repress the 
hydrolysis to a negligible amount (quite a small concentration is 
enough) and measure the conductivity again. The ionization of 
the added aniline is so small that the conductivity of its ions can 
be entirely neglected and tlic aniline hydrochloride now behaves as 
a non-hydrolysed salt, its equivalent conductivity Av' being repre- 
sented by the simple expression Av'=/XAn*+Mcr- The diagram 
shows the conductivities of the hydrolysed and unhydrolysed salt 
plotted against the square root of the equivalent concentration 
fp. 149) ; only the latter gives the normal linear plot. The difference 
between the two equivalent conductivities at any dilution can now 
be read from the graph, the calculated value being: 

^ ^ ' 

Av — Av'=--%(/xic- AtAu). whence x~- . 

/Mn* 

'J'he values of fin- and /tAn* are known from separate experiments, 
and can without scri(.)Lis error be made equal to the mobilities at 
infinite dilution, so that x can 
be calculated with considerable 
accuracy. 

3. 7 '/ie Distribution Method. - 
Aniline hydrochloride will continue 
to serve as an example. If an 
aqueous solution of this salt be 
shaken u]) with benzene some of the 
aniline will be extracted, but none 
of the remaining solutes. The dis- 
tribution ratio of pure aniline be- 
tween benzene and water may be 
measured in separate experiments, 
and it is found that the aniline is 
unirnolecular in both phases. Con- 
sequently the concentration of free 
aniline in the hydrochloride solution 
can be calculated by analysing tlie 
benzene layer at equilibrium and 
dividing by the distribution ratio. 

The concentration of the other ions can then be woiked out by 
difference, and the dissociation - const ant calculated fioni the 
equation : 



Fig 70. Hydrolysis or Anili.nl 
Hydrochloride Solittions 
(Distribution Method) 


(An-] [OH'] 
ICelC.NHJ- 
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Notice that the degree of hydrolysis can no longer be calculated 
from the hydrogen ion concentration by the simple equation 
^=[H-]F, because aniline has been withdrawn from the solution 
and the degree of hydrolysis thereby artificially increased. This 
increase in the natural hydrolysis is in fact one of the experimental 
advantages of the method. 

4. The Freezing-point Method . — Hydrolysis of a salt increases 
the number of solute particles. Thus, if BOH is a weak base, 
the salt BA will be hydrolysed as follows: 

B*+H,O^BOH + H‘, 

and for each B* ion thus consumed a hydrogen ion and a BOH 
molecule are produced. The freezing-points of solutions ol hydro- 
lysed salts are therefore abnormally low. On account of the 
variations from ideal behaviour shown by the freezing-points of 
all electrolytes, most of which are in onl}^ moderately good agreement 
with the freezing-point relation as modified to include dissociated 
substances, this method is not very precis(\ 

5. The Catalytic Method . — The hydrogen and hydroxyl ions are 
both distinguished by great catalytic activity. The velocity of 
actions that they catalyse has usually been found to be propor- 
tional to the concentration of hydrogen or hydroxyl ion, as the 
case may be, and the hydrogen ion concentration of the solution of 
a hydrolysed salt may be estimated by observing the speed of a 
suitable reaction in it. Such reactions are the saponification of 
methyl acetate or ethyl acetate (in itself a hydrolysis) whereby an 
alcohol and acetic acid are produced: 

CH3.C00C.,H6-hH.p^CH3.C00H-t-C2H50H. 

or the decomposition of diazoacetic ester: 

N^.CH.COOQHg-f H20->CH2(OH).COOC2H5-f N., f • 

The first can be followed by titrating at intervals the acetic acid 
produced, the second by gasometry. The inversion of sucrose is 
also catalysed by hydrogen ions and can be followed with the 
polarimeter. 

In spite of the indirect nature of this method, it has been used 
with great success on the salts of weak bases (such as urea hydro- 
chloride), which may be 50 per cent or more hydrolysed. For 
lower degrees (^f hydrolysis it is not so suitable. By an ingenious 
modification of the method it is possible to calculate the concen- 
tration of hydrogen and hydroxyl ions in pure water by observing 
the speed of one of these reactions in the pure solvent, and hence 
to calculate the value of the ionic product of water. 

6. The Electrode Potential Method of measuring hydrolysis will 
be explained in Chapter VIII, p. 262. 
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Homogeneous Catalysis. — We must now turn to the subject of 
homogeneous catalysis, which is best approached by a consideration 
of catalysis in solution. Heterogeneous catalysis will be discussed 
in connection with surface chemistry. It may seem strange to 
separate what appears to be one subject into two divisions according 
as the phenomena considered occur in one phase or two. Experi- 
ence has, however, shown that homogeneous and heterogeneous 
catalysis are probably phenomena of a fundamentally different 
kind, and that although certain ideas can usefully be applied to 
both, yet an artificial simplification of the subject is likely to lead, 
and indeed more than once has led, to confusion. 

Catalysis is an effect by which certain substances called catalysis 
influence the velocity of a chemical reaction but are themselves 
unchanged in quantity and chemical composition at the end of it. 
While different authorities use the word in slightly different senses, 
we shall define it with the help of the following criteria: 

(i) A very small quantity of catalyst must be enough to produce 
a noticeable cflect. 

(ii) The catalyst must be unchanged in quantity and chemical 
composition at the end of the reaction. 

(hi) The catalyst must not alter the final state of equilibrium, 
but only the speed with which it is attained. Since the idea 
of dynamic equilibrium implies equal speeds for the forward 
and back reactions, it follows that: 

(iv) The catalyst influences the speed of the forward and back 
reactions to the same degree. 

When we come to consider the energy relations of chemical change 
in the next chapter, we shall see that it is impossible that a substance 
unchanged in quantity and composition at the end of a reaction 
should have any effect on the equilibrium attained m it. The 
third criterion is therefore a necessary consequence of the first 
two, but for the time we shall find it convenient to retain it.^ 

There are innumerable^ examples to which these criteria can be 
applied. When potassium iodide is added in small quantity to 
hydrogen peroxide solutions the peroxide decomposes into water 
and oxygen, leaving the potassium iodide unchanged. Acetylene 
combines with water to form acetaldehyde in the presence of 
mercuric sulphate, but not otherwise: CaH^+HaO—CHa.CHO. 
The catalytic activity of hydrogen and hydroxyl ions has already 
been briefly mentioned, and we may discuss one or two instructive 

* To avoid misconception, it should be observeil tliat such influences as 
heat and light, since they are not material substances, are of course not to 
be included in the term catalysts. 
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reactions in which the applicability of the third criterion- -unaltered 
equilibrium — has at one time or another been questioned. 

The velocity of saponification of ethyl acetate in dilute hydro- 
chloric acid is directly proportional to the acid concentration, but 

LCH,.COOH] 

the equilibrium expression 17-1 iv i — appears to differ 

slightly according to the concentration of hydrochloric acid used 
as catalyst. It has, however, been pointed out that in calculating 
this expression the concentration of the water, which is present 
in excess, has been assumed constant, whereas some ol it is un- 


doubtedly combined with the hydrochloric acid catalyst; this 
explains the slight variation in the jiosition of equilibrium with 
the acid concentration. Again, several reactions arc known of 
which the course, and not merely the velocity, can be altered by 
the use of suitable catalysts. Thus, w^hen toluene is acted on by 
chlorine in the absence of a catalyst, benzyl chloride is produced 
Jd), but in the presence of such substances as iron or 
iodine, the product is a mixture of ortho- and para-chlorotoluenes 
(CH;{.C6H4.C1). It is generally supposed that in such reactions true 
equilibrium is not reached, and that one at least of the alternative 
products is metastable. Instances are known in which a reaction 
takes a different course in different solvents, c.g. in liquid ammonia, 
but not in water, calcium nitrate and sodium chloride will produce 
a precipitate of calcium chloride. It is, however, obvious that a 
solvent, which must be present in comparatively large proportions, 
cannot possibly be brought into line with the usual dchnition of a 
catalyst. 

The Intermediate Compound Theory. — Most of the knowm examples 
of homogeneous catalysis may be accounted for bv supi)osing 
(a) that the catalyst forms an intermediate compound with (jne of 
the reactants, {h) that this intermediate compound reacts more 
rapidly than the original substance, and (c) that the catalyst is 
recovered in the change (the ‘ intermediate compound theory ’). 
This cx])lains the observed fact that the reaction velocity is usually 
proportional to the concentration of catalyst, and the intermediate 
comj)ound in some catalysed reactions has been isolated. Thus 
Fricdel and Crafts' reaction between aromatic hydrocarbons and 
organic halides takes place when the system includes anhydrous 
aluminium chloride: 


c,u,+c,u,ci[+A]a,]=c,^^^^ 


and compounds between the alkyl halides and aluminium chloride 
have been isolated. The yield is much reduced by the presence even 
of quite small amounts of water, presumably because water reacts 
with aluminium chloride and destroys its activity. We shall 
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revert to this point when we come to inhibitors, or negative 
catalysts. 

In some cases the intermediate compound can actually be seen. 
Hydrogen peroxide solutions are unaffected by either cobalt chloride 
or sodium potassium tartrate, but addition of both together to the 
boiling solution causes a bright green compound to be formed, 
which afterwards decomposes, liberating oxygen and carbon 
dioxide, and leaving the pink cobalt salt in solution. In this 
reaction the cobalt ion is the catalyst, since the tartrate is con- 
sumed. The view that in catalytic reactions the catalyst undergoes 
a reversible chemical change is supported b^^ the unusual catalytic 
activity of compounds of certain metals (such as iron, cobalt, 
or platinum) which exhibit variable valency, but there is no reason 
to suppose that the formal ion of intermediate compounds is not 
eciually the explanation of the catalytic activity of the hydrogen 
ion. It has already been emphasized that the proton has the power 
of attaching itself to neutral molecules; H^O'-f Ar^AH'-j-H./). 
In aqueous solutuni the catalytic power is somewhat blunted by the 
water molecules that are almost certainly associated with it, and an 
enormous increase in the velocity of reactions catalysed by hydrogen 
ions is observed when absolute alcohol is substituted for water as 
the solvent. The addition of traces of water to the alcoholic 
solution immediately reduces the catalytic activity of the hydrogen 
ion, and it has also been observed that the addition of traces of 
water to a solution of hydrogen chloride in ethyl alcohol causes a 
large decrease in the electrical conductivity. 

Intensive Drsdng. — Special considerations apply to the catalytic 
activity of water itself, which appears to be unique in influencing 
not only chemical changes but physical changes as well. While 
it had been observed as early as the eighteenth century that dry 
carbon monoxide would not burn, the principal investigations of 
water-catalysis are due to Baker. We shall first consider the 
effect on the physical properties of substances of the exclusion of 
all traces of water. Water is present in all chemical systems 
unless very rigorous steps are taken to exclude it. Modern technique 
is based chiefly on heating the glass apparatus nearly to fusion in 
a vacuum and on the use of phosphorus pent oxide over periods of 
several years as a desiccating agent. 

Some of Baker’s most remarkable results are concerned with 
the effect of intense drying on the melting- and boiling-points of 
pure compounds. The liquids were sealed up in distilling-flasks 
for nine or ten years in contact with phosphorus pentoxide, which 
was sometimes in the liquid, sometimes out of it. At the end of 
this period ♦he tip of the side-tube was broken under dry mercury 
and the boiling-point determined by thermometers in the liquid 

H 



2i6 theoretical AND INORGANIC CHEMISTRY 

and in the vapour. All the liquids showed a marked increase in 
boiliiij^-point. Mercury boiled at 420° instead of 35cS'\ ethyl ether 
at 8j " instead of 35'', benzene at to 6“ instead of 80''. Although pre- 
cautions had been taken to avoid superheating the licpiids, the 
two thermometers showed dirierent temperatures. 

On exposure to the air the different liquids reverted to their 
normal properties with very different speeds — the alcohols very 
quickly, ether in a day or two, benzene not for scveial days. Tlu^ 
new ])roperties of the l)enzene were indeed astonishingly ]vrsistent; 
it was actnallv found that it did not boil when a lower layer of 
water was boiled through it. 

Other physical measurements were carried out on the dried 
liquids, with remaikable results, for though the surface tension 
and vapour flensily were found to have suffered notable changes, 
the density ol the lujuid appeared to be the same as before. The 
boiling-point, surface tension, and vayiour-density results all 
indicate that the effect of intensive drying has been to increase 
the degree of association of the liquid, and if this is the explanation 
it is very odd that the density of the li(]uid should remain unchanged. 
It must be remembered that the validitv of Baker's results is 
not yet certainly established, and that many attacks have been 
made on them Lenhek attributed the alleged rise in boiling- 
points to superheating, and by adopting Baker’s method of heating 
in a bath was able to heat benzene to 106° without boiling it if the 
liquid was first freed from dust (but not from water). In another 
of Baker's experiments two platinum plates at a potential difference 
of 400 volts were placed in benzene and a rise in boiling-point 
observed; but Smits was not able to confirm this result. Some 
workers have confirmed the rise in boiling-pomt on intensive 
drying, others have denied it. The technique is difficult, and we 
may have to wait some years before the question is dehnitely 
settled. If Baker’s results are finally confirmed they are likely to 
have much effect on the development of chemical theory. Never- 
theless, the tendency of the most recent investigators is to attribute 
the apparent rise in the boiling-points of intensively dried liquids 
to superheating. 

While some of these physical experiments are still open to 
question, the chemical activity of water as a catalyst is firmly 
established. In the absence of water, sodium or potassium can 
be distilled in oxygen without combination, and sodium, mag- 
nesium, or zinc can be raised to a red heat in chlorine. A mixture 
of hydrogen and oxygen can be heated to 1,000'' C, without explo- 
sion. Dry ammonium chloride Axilatilizcs extremely slowly on 
heating, although the vapour is completely dissociated. There 
is, however, one important feature of water catalysis that must 
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be emphasized, namely that it is restricted to heterogeneous or 
photochemical reactions. There are a few homogeneous reactions 
that take a different, and sometimes a more rapid course, in the 
presence of water, e.g. the combustion of carbon monoxide, which 
in the presence of steam follows the course: 

CO + H^O - CO,+ Hg. 2 H^+ O2 - 2H2O. 

In genera], however, reactions catalysed by water are either explo- 
sive or heterogeneous, and there is no good evidence that a 
homogeneous reaction (excluding i)hotochemical changes) that 
proceeds at a measurable rate in the presence of water has ever 
been stopped by intensive drying. Intensive drying in hetero- 
geneous systems will be further discussed in Chapter IX. 

Negative Catalysis. — Catalysts may sometimes retard reaction 
velocity. Such negative catalysts are sometimes called inhibitors. 
Here again we must distinguish between homogeneous and hetero- 
geneous systems. In homogeneous systems the inhibitor probably 
combines either with one of the reactants or with sf)me positi\^e 
catalyst that may be present (compare the effect of water on 
i^hi(M.lcl and Crafts* reaction, p. 21.^.). Just as in positive catalysis, 
a minute amount of the active substance can produce enormous 
effects. The rate at which sodium sulphite solutions absorb 
oxygen from the air can be reduced by qcj per cent by the addition 
of 0*000005 molar brucine hydrochloride. Similarly the oxidation 
of benzaldehydc is much retarded by a trace of sulphur. The 
chain-reaction theory has been used to account for negative cata- 
lysis. I'hus the reaction between hydrogen and chlorine in 
sunlight is supposed to take place when a In^drogcn or chlorine 
molecule is split into atoms; each atom then starts a reaction chain 
which continues until two atoms of the same element recombine ; 

C1., -2C1. C 1 -|-H.,- HCH H. H+Clg-HCl-f-Cl, etc. 

'J'he retarding effect of oxygen is attributed to its power of inter- 
hu'ing with the propagation of the chains. 

An int(Tesling example of negative catalysis is atford('d by the 
‘ anti-knock * compounds, such as lead tetraethyl, Pb(('oli^)4, 
that are nowadays fretiuently added to petrol. ‘ Knocking ’ is 
believed to be due to the decomposition of certain unstable per- 
oxides formed from the hydrocarbons of the petrol and oxygen 
Irom the air. These peroxides start reaction chains which result 
in the foimation of more peroxide, and the anti-knock compound 
is supposed to bring these reaction chains to an end by itself reacting 
with the peroxides. 

Promoter Action. — Catalysis of the second degree is also known, 
in which a second substance, called a pro^noier, increases the activity 
of the catal^^st. It is frequently found that a mixture of two 
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substances is a more effective catalyst than either separately: 
thus traces of iron usually increase the catalytic activity of copper 
and cobalt salts. The intermediate compound theory is probably 
the best available explanation of these i)hcnomena, but the student 
should be on his guard against ‘ explanations ' — of which the 
literature of chemistry contains a great number — in which without 
evidence the formation of unknown complexes is assumed. Such 
theories must remain provisional until it can be shown that such 
complexes can be formed under the conditions of the experiment, 
that they do catalyse the reaction, and that they arc unstable. 


SUGGESTliD FOR FUR'lllER READING 
ICoLTiKUH'' and SANDTti.L: Textbook of Qua^ititatuu' Amilvsis 

LJkll; Acnh and Bases (1932). 

‘The Use of the 'J'ernis “Acid" and “Beise," Chein Soe Quart. 
Rev., 1 



CHAPTER VTl 


CHEMICAL ENERGY 

rhcrmodynamics — Ob]ects of chemical thermodynamics — The mechanical 
equivalent of heat — Energy of reaction — Calorimetry — I'he adiabatic 
calorimeter — Heats of combustion- Vacuum calorimeters — Hc-ss’s law — 
Heats of formation — Chemical affinity — The piinciple o1 maximum work — 
Work and free energy — Notation- (kirnot's theorem and the second law 
(jf thermodynamics -The Gibbs-Helniholtz equation — Kiec energy and 
chemical change — The law ol rnass-action and the free eneigy of cliemical 
reaction — 'i'he eftect of change of temperature on chemical equilibrium — 
Systems at constant pressure — The free energy of formation — The equiJi- 
tirium constants Kp and Kc — ^I'he kinetic theory and the isochore — Energy 
ol activation — Itxfilosive reactions — Applications of the isochon* — Kirch- 
liofl's equation and lh<* Neinst heat theorem— Applications of the Nernst 
heat theorem 


Thermodynamics. — We have hitherto based our treatment of 
chemistry almost entirely on the molecular theory, and with the 
help of the kinetic view of matter have been able to begin the 
discussion of the equilibrium between different kinds of matter. 
While this method is instructive and illuminating, it is frequently 
marred by lack of rigorous treatment and proof. This shortcoming 
is mainly due to the prominence necessarily accorded to the question 
of chemical mechanisms. In so far as we are still uncertain or 
ignorant of many of these, laws deduced from molecular-kinetic 
postulates alone will forfeit a certain degree of authority. It is 
therefore fortunate that there is another way of approach — the 
thermodynamic. Thennodynamics is a science that deals with the 
energy effects accompanying chemical and physical changes by 
methods which are quite independent of any theories as to the con- 
stitution of matter, and theiefore of chemical mechanism. Just as 
the science of exact chemistry dates from the discovery of the Law 
of the Conservation of Mass, so does the science of thermodynamics 
owe iis progress as an exact study to the great discovery of the Laio 
of the Conservation of Energy by Mayer and Joule. 

Objects of Chemical Thermodynamics. — The idea of energy is 
less readily grasped by the mind than the idea of matter, and 
since the methods of thermodynamics tend to be highly abstract 
most beginners find it a difficult subject. The majority of kinetic 
explanations can be assisted by mental images or models, but this 
is not true of thermodynamical reasoning, which indeed frequently 
abandons even the idea of energy to discuss properties still harder 

21Q 
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to associate with the world of the senses. These difhculties should 
not deter a beginner from the study of the subject, but before he 
begins it he should understand exactly what it has to offer him 
and what the problems are which he is attempting to solve with 
its aid. 

The history of chemistry in the last century and a half has 
shown an increasing pr(H)Ccupation with the reasons for chemical 
change rather than with the collection of new facts. Whereas 
the early triumphs of the chemist were concerned with the pre- 
paration of a new substance or the discovery of a new reaction, 
modem reseauh has attempted to discover new principles by 
which whole series of such observations can be explained. The 
doctrines of the indestructibility of matter and of the atomic 
theory marked great steps forward, but since there was no infeuma- 
tion — and only a few inaccurate hypotheses — about the nature of 
atoms, it was not possible to explain, but merely to observe, their 
behaviour. By studying the energy relations of chemical change 
it is possible to understand much that must otherwise remain 
obscure, and in piarticiilar to form some ideas of the great problem 
of chemical affinity: Why will substance A react with substance 
B but not with substance C? In the iollowing pages we shall 
examine as simply as possible the a])piication of a few fundamental 
thermodynamical principles to chemistry, but the student must 
bear in mind that a thorough grasp of thermodynaniics can only 
be acquired by a javliminary study of the simpler sy dcins in 
which only one conii)onent is present. 

The Mechanical Equivalent of Heat. — Tt was a chemical observa- 
tion that first led to the calculation of the mechanical equivalent 
of heat. Mayer, a young German doctor with very little training, 
was sent on a vovage to Java, and in the course of his duties liad 
(K'casion to bleed the crew soon after they reached the tro[)ics. 
He was struck with the unusually bright red lint of their blood, 
which indicated a decrease in the consumption of oxygen, and 
asked hirnsclf why a man shoukl require a smalh'r daily amount 
of oxygen in the tropics than in Germany. "J'liis led him to con- 
sider the energy released when food was consumed in the hotly, 
and in 1842 he was able to make the first estimate of the Tuechaihcal 
equivalent of heat. Joule’s later and more at curate determination 
by the physical method is familiar to all students of ])hysics. 

Energy of Reaction. — 'I'hc most obvious sign that energy is in- 
volved in chemical change lies in the great quantities of heat 
liberated in certain common reactions. When a single gram of 
hydrogen is burned it liberates more than 30,000 calories — enough 
to raise about half a pint of water from room temperature to the 
boiling-point. When a mixture of aluminium powder and iron 
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oxide is ignited the temperature rises above the melting-point of 
most of the common metals: a fact that is made use of in welding 
steel rails together. Such reactions are called exothermic. The 
absorption of lioat when a reaction takes place is less common 
and the quantit}^ of heat involv'ed is usually much smaller, but 
such reactions are well known: they are called endothermic. The 
reaction between thionyl chloride and glacial acetic acid is an 
example that can easily be demonstrated. \Mien seen from a 
theoretical rather than a practical point of view endothermic 
reactions are only of conventional significance. Fundamentally all 
chemical compounds must be referred to tlie elements which com- 
pose them, but so long as w^e were ignorant of the energy liberated 
in such reactions as 2O— O.,, or 2H=H2, heats of formation of com- 
pounds were of necessity referred not to atoms but to what arc 
essentially very stable compounds of atoms, such as or H,. 
From the two thermal equations 

2O -- Go, 1 17 Cal. liberated, 

3O2---2O3, 68 Cal. absorbed, 

we may, with the aid of the law of conservation of energy, deduce 
the true heat of formation of ozone, from atoms: 

30r=03, 141-5 Cal. liberated. 

The endotherrnicity of ozone, although of the first imp)ortance in 
assessing its stability in relation to ordinary (molecular) oxygen, 
reduces in fact to the statement that the heat liberated per oxygen 
atom combined is somewhat less for ozone than for ordinary oxygen. 
When formed from atoms all chemical compounds are exothermic, 
usually in a very high degree. 

Calorimetry. — The heat of reaction can be measured in some 
form of calorimeter. Unfortunately the sign convention differs 
with dilferent authors. A chemist, whose science was applied to 
the study of fuels before the birth of thermodynamics, is naturally 
loath to abandon the long-established tradition that heat liberated 
or work done is in a sense profit, and therefore to be reckoned 
positive. A minor advantage of this chemical convention is that 
since most chemical reactions are exothermic, only a few (negative) 
signs need be used or printed. However, this convention has 
proved confusing and unworkable in thermodynamics, students 
of which now almost universally adopt the so-called ‘ acquisilive * 
convention: attention is focused on the system under consideration 
rather than on its surroundings; quantities increasing in magnitude 
in the system are said to undergo a positive change, and conversely. 
In the paragraphs which follow on thermodynamics we shall adopt 
this convention, while retaining the chemical tradition in definitions 
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of heat of formation, combustion, etc. When the heat change is 
written with the equation it denotes the heat given out (or absorbed) 
when one gram-molecule (or the quantity represented in the equation) 
of the reactants combines with the formation of the products 
shown. Since heat is involved in the change from one phase to 
another, it must be stated in the equation whether the reactants 
and products were in the solid (s), liquid (1), or gaseous (g) state. 
Standard pressure is assumed unless tlie contrary is stated. Since 
the heat of reaction depends on the temperature of the reactants 
before and the products after the change, this temperature must also 
be stated, and finally, if the figures refer to a reaction at constant 
volume, and not, as is more usual, at constant pressure, a note to 
this e rtect m ust 1 )e n ladc. The equation 

Hate) -i-^02(g)-=H20(l) +68.290 calories (at 25") 

means that at 25"" when 2 gm. of hydrogen react with to gm. ol 
oxygen, both at a pressure of 760 mm. of mercury, to produce 
liquid water, the heat given out amounts to 68.2QO calories. 

In the practical measurement of the heat of reaction special 
difficulties are eiicounlcred which are usually absent from simple 
physical determinations. The reactions arc sometimes very slow, 
and sometimes do not go to completion, or there may be side- 
reactions that cannot be eliminated. Sometimes the reactants or 
products are chemically active, when specially resistant calorimeters 
have to be used, or tliey may develop enormous pressures inside 
closed apparatus. We cannot discuss these special cases, but 
may mention one or two typics of calorimeter in which some of the 
difficulties have been overcome. 

The Adiabatic Calorimeter. — The greatest inaccuracy is due to 
loss of heat from the calorimeter during the progress of the reaction. 
This can be reduced by keeping the surroundings of the calorimeter 
at the same temperature as the instrument itself. The adiabatic 
calorimeter, as it is called, is an invention of Richards. The en- 
vironment may be heated electrically, or use may be made of the 
heat liberated when acids neutralize bases. In tlie submarine calori- 
meter the instrument is entirely immersed in oil or water, whose 
temperature is continuously varied. The temperature inside the 
calorimeter and in the bath is read every few seconds with thermo- 
meters or thermocouples, and the heating of the bath regulated 
accordingly. In a further development of the apparatus the 
heating of the bath is automatically regulated by the difference in 
reading between two such thermocoujiles. The temperatures of 
the calorimeter and of the bath are therefore always equal and no 
heat losses can take place. 
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In order to calculate the quantity of heat evolved in the reaction 
from the rise in temperature which takes place, the thermal capacity 
of the system must be known, but it is usually simpler to include 
an electric heater in the calorimeter and to see how much heat 
must be supydied to the products to raise their temperature through 
the observed interval. If the two experiments are done under 



exactly similar conditions, there is then no necessity to apply any 
correction for the thermal capacity of the calorimeter. 

Heats of Combustion. — The heat of combustion is the heat of 
reaction which is most frequently determined, and for reasons 
which will shortly be clear it is one of the most useful quantities 
for calculation. Combustion is one of the few reactions of organic 
compounds which proceed to a definite conclusion in a reasonable 
time: most organic substances can be completely oxidized by 
oxygen under pressure. Since a considerable pressure is required 
before the ignition and is developed after it, the bomb calorimeter 

♦ii 
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originally devised by Berthelot is used, and since the heat is 
evolved very rapidly the adiabatic method is out of the question; 
the calorimeter is immersed in a known weight of water and its 
rise in temperature is measured. 'I'he water itself may, however, 
be placed in an adiabatic enclosure. 

The bomb consists of a steel-walled vessel with a screw top 
A known weight of the substance to be invi'stigated is placed on 
a platinum j)iate, where it can be ignited by passing a current 
through a thin iron wire: a correction must be made for the heat 
liberated by the combustion of the wire. The combustion is 
carried out in oxygen under pressure. Tlic walls of the bonil:> 
must be lined with gold or platinum to avoid the possibility of 
oxidation. 

Vacuum Calorimeters. — Wliile adiabatic calorimetry has made 
great progress in recent years in the hands of Richards and others, 
the Dewar flask is still much used as a calorimeter. This consists 
simply of a glass vessel with double walls and a high vacuum 
between them; the low rate of loss of heat from such vessels is 
well known and is made u.se of m the 'Thermos.' Open calori- 
meters are always avoided, on account of the heat losses due to 
convection -currents and fivaporation, and the vessel is theredore 
fitted with a lid and with a stirrer, since the temperature of an 
unstirred liquid may be far from uniform. 

A rather diffcient type of instrument has been devised for the 
measurement of the specific heat of gases at low temperatures. 
A known mass of the gas is enclosed in a small steel \'esscl with 
very thin walls, to which it is conducted at a low temperature 
through a silver capillary tube. The steel vessel is wound on the 
outside with two separate coils of platinum wire — one to supply a 
known quantity of heat, the other to function as a resistance 
thermometer and measure the rise in temperature produced — and 
is suspended in a high vacuum. With this apparatus Eucken was 
able to measure the specific heat of hydrogen at temperatures as 
low as 35° Abs. 

Bunsen's ice calorimeter is still occasionally used to measure 
the heat change in reactions which are cither very slow or 
give out very little heat, but the experimental difficulties are 
considerable. 

Hesses Law. We may now consider some of the results of these 
experiments, and shall find it convenient to employ the law. enun- 
ciated by Hess, that the heat evolved in passing jrom substances 
A to substances B is independent of the steps in which the transforma- 
tion is carried out. Any contrary conclusion would violate the 
first law of thciTnodynamics, for we could create energy by carrying 
out the change with the maximum evolution of heat and reversing 
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it with the expenditure of a less amount. With the help ol this 
principle we can calculate the heat involved in reactions which it 
would be difficult or impossible to investigate experiment ally- 
Thus the oxidation of carbon in the form of graphite to carbon 
dioxide could be carried out either directly, or by first converting 
it to diamond and then oxidizing the diamond. While the experi- 
mental measurement of the allot ropic change cannot be under- 
taken, it is possible to measure the heats of combustion of graphite 
and diamond, the figures under similar conditions being +94,2^0 
and 4 94,420 calories respectively. The heat involved in the 
allotropic change is equal to the difference between these results, 
so that if grapiiite could be converted to diamond 180 calories of 
heat per gram-atom would be absorbed. 

Heats of Formation. — In this way it is possible to construct a 
table showing the heat of formation of various substances under 
standard conditions from their elements. Three principial units 
are now m common use for the exjircssion of chemical energy. 



Heat o( 

Reaction 

C 01V pound 

Fo) mation 

readani^ at 


{Cal ) 

1 atm. pressitrfi) 

ILO (I) 

OS- 29 

Hg-f iO, 

HP (‘4 

57'75 


(g) 

5*28 

Ilg-l-S (rhombic) 

NH, (g) 

I TO 

iNa+m. 

NH3 (1) 

I5-S 


NIT, (N. aq.) 

19-4 


H^^l (g) 

221 


HCl (N aq ) 

yyz 


HHr (g) 

^’1 

la-4-^ Bfj (liquid) 

HI (g) 

-5-9 

U., (solid) 

Ml (N. aq.) 

13 ^ 


CO, (g) 

04-3 

C (graphite) -f 0, 

SO, (g) 

70 0 

S (rhombic) 4 - 0 ^ 

CO (g) 

20-S 

C (graphite) -f- JO., 

NO (g) 

— 21*0 

JN,+ 40 , 

NO., (g) 

-T 9 

4N,+o, 

(s) 

139-0 

Mg (metal) -1- JO, 

CaO (s) 

1.5 i '3 

Ca (metal) -4-^0, 

ZnO (s) 

8^ 2 

Zn (metal) 4 -^ 0 ., 

AsjOj (s) 

150-1 

As (grey) -h JO., 

AI.O, (s> 

398-5 

A1 (metal) -f iO, 


^g = gas at I atm pressure: 1 = liquid, s-=: solid: 
N aq —normal aqueous solution) 


Heats of Formation (Heat liberated reckoned positive) 
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The kilo-calorie {1,000 calories, symbol k. cal. or Cal.) has the longest 
tradition, but electrical methods of operating calorimeters have 
steadily encouraged the use of the kilo-joule (symbol kj.). This 
unit is directly connected with fundamental units by its definition 
as 10^® ergs. One kilo-joule equals 0*2386 Cal. The third unit, the 
electron-volt (symbol ev.), has come into use more recently as a 
convenient unit for expressing true molecular and atomic energies. 
One electron-volt is the (kinetic) energy acquired by an electron in 
being accelerated through a field of i volt potential difference. If 
a molecule acquires this amount of energy, then i gm.-mol. acquires 
23'0() Cal., or very nearly 100 kj. By convention, the heat oj 
formation is the heat liberated when one gram-moleculc of the substance 
is produced from its elements when these are in the physical and 
chemical condition usual at room temperatures. Thus the la^ats of 
formation of organic compounds containing only carbon, oxygen, 
and hydrogen are obtained by deducting from the heats of formation 
of the carbon dioxide and water produced the heat of combustion 
of the compound. A negative he it of formation indicates that the 
compound is formed from its elements with absorption of heat, but 
here again the practice of different authors must be taken into 
account. The table (p. 225) shows the approximate heat of forma- 
tion of some well-knowm substances at room temperature. All the 
figures refer to one gram-molecule. 

Chemical Affinity. — It is obvious from the table that there is a 
general connection between the avidity with wdiich certain elements 
combine and the heat of formation of the compound produced. 
This is well showm by the halogen acids, whose heats of formation 
increase in the order of decreasing atomic weight of the halogen; 
this is certainly the order of their activity towards hydrogen. 
Indeed, it was at one time supposed that the heat evolved in a 
reaction was a true measure of the tendency of the reaction to 
take place — or of its ' chemical affinity ' — and to estimate this 
affinity v/as the object of many of the early thermochemical in- 
vestigations. That this view cannot be the true one is shown by 
the occurrence not only of definitely endothermic reactions but also 
of balanced actions, for a reaction consumes heat in one direction if 
it liberates it in the other. The further suggestion was at one 
time made that affinity might be measured by the velocity of 
chemical change, but this view is equally untenable. It can 
scarcely be denied that oxygen and hydrogen liavc great affinity 
for one another, yet a mixture of these gases may be kept indefinitely 
in the absence of catalysts without giving any sign of reaction. 
The greatest claim which thermodynamics has on the attention 
of chemists is that it can provide a partial answer to this question. 
One might expect that the law of mass-action or some extension 



CHEMICAL ENERGY 


227 

of it would be of assistance. It is true that if we know the equilL 
DriuiTi-constant of a balanced action it is possible to predict with 
the lielp of this law what direction a reaction will take in a mixture 
of reactants and products in given proportions. It is, however, 
impossible to estimate the value ot the equilibrium-constant 
without experiment, but this is what we must try to do. It goes 
without saying that we can estimate the equilibrium-constant only 
in terms of some other experimentally determined value — we 
cannot evolve it out ot our inner consciousness. 'Fhis, however, is 
a limitation common to the whole of {ihysical science, which is a 
matter not of creation but of classification. The student may 
also have observed that the law of mass-action gives us no hint 
of the effect of temperature on the equilibrium -constant. A 
qualitative answer to this question is provided by the principle 
of Le Chatelier — which we stated without proof — but for the 
quantitative expression we must fall back on thermodynamics. 
This more modest inquiry — the effect of temperature — we shall 
be al)le to answer completely. The calculation of the magnitude 
of the equilibrium-constant has as yet been only partially carried 
out, and many uncertainties are still involved in the process. Here 
we shall be able to do no more than to indicate the direction from 
which the complete solution will probably come. 

The Principle of Maximum Work. — It will first be necessary to 
state more precisely what we mean by affinity. The affinity of 
a chemical reaction is the tendency which the reaction has to take 
place, in the .sense that reactions with positive affinity can take 
place (but may not do so in the absence of suitable catalysts), 
while reactions with negative affinity cannot in any circumstances 
take place, and reactions with zero affinity have reached equilibrium. 
As a measure of the affinity of a reaction we shall take the maximum 
work which the reacting system can be made to perform. It can 
be demonstrated by the principle of maximum entropy that the 
only spontaneously occurring processes — that is, the only processes 
with positive affinity — arc those from which work can be obtained. 
It the student's knowledge of physics does not carry him so far 
as the conception of entropy he must be content with the informa- 
tion that the principle here enunciated is a consequence of the 
second law of thermodynamics, which is independent of the mole- 
cular theory of matter. We may, however, give a mechanical 
explanation of what is meant by maximum work. It is obvious 
that while the same mechanical process, if carried out in different 
ways, must liberate the same amount of energy, the proportion of 
this energy which appears as external work performed by the system 
is variable. If a weight is allowed to fall freely through a given 
distance, the whole of the kinetic energy at the bottom, which is 
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equal to the potential energy at the top, is dissipated in heat and 
sound. If, however, before releasing the weiglit we attach it by 
a cord passing over a frictionless pulley to a very slightly smaller 
weight, then the system, when released, will move slowly, the 
falling weight will have a negligible kinetic energy on reaching the 
ground, and nearly the whole of the energy will have been retained 
in the form of potential energy of the weight which has been raised. 
The process has then been carried out with the performance of the 
maximum work and with the dissipation of the minimum amount of 
energy as heat. This can be done only if the system is acted on 
at any moment by the smallest force winch will move it at all, so 
small in fact that any reduction in it would cause the system to 
move in the opposite direction. When the process lias been carried 
out under such conditions it is called a reversible process, and the 
work which can be got from a j)roccss is always a maximum when 
the process is earned out in a reversible manner. It might be 
thought that, by demanding reversible processes to give a true 
measure of aflinity, we shall again be concerned with mechanism, 
and the disadvantages of the purely chemical approach already 
mentioned. It must, however, be remembered that any mechanism 
whatsoever, even one entirely impracticable, that is reversible will 
lead to the same valuation of the affinity as any other. In point of 
fact a perfectly reversible process is a tlieoretical figment, and can 
never be actually realized, but this idealization does not in the least 
diTract from the validity of the thermodynamical predictions. The 
affinity so determined will still be authentic for an actual, practical, 
but certainly at least partially irreversible process. 

As an e\amy)le of a chemical process reversibly carried out, we 
may consider the compression of a mixture of ammonium chloride 
vapour with its products of dissociation: NH4C1^^NH3+HCI. If 
the yiressure on the system is gradually raised, we know from Le 
Chatelier's principle that ammonia and hydrogen chloride will 
combine; if it is gradually released more animnniiim chloride 
dissociates. If properly carried out, the process involves no 
dissipation of energy. 

Certain types of galvanic cell are excellent examples of reversible 
processes; they will be considered in the next chapter. 

Work and Free Energy.— The term 7 £'ork is properly used wdien we 
think of the surroundings of a system and the effect it has upon 
them. From the thermodynamical standpoint, however, attention 
is focused on the loss of energy by the system in performing external 
work. The thermodynamic quantity corresponding with work, 
termed the free energy (of the system), was first introduced by 
Helmholtz, and so named by him. He regarded a system as 
holding a certain store of free energy F', which may, under suitable 
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conditions, be diminished by its issue and realization as external 
work w, of equal magnitude but opposite sign to the change of free 
energy, or be increased by the performance of work on the system 

riie balance, making up the total energy of the system U\ he called 
the bound energy Q' \ it is realizable externally only as heat, and 
may be increased by adding heat to tiie system, ft is simple to 
calculate the change of free energy of i gm.-inol. of a perfect gas, 
when a change is made in the pressure, at constant temperature. 
Since pV=--Kl' "Constant, 

-dE'=y)dF=-Fd/>- -RT d log p. 

Thus for a linitc pn^ssure change from p^ to />., we have 
F,'-1\'=RT log (p,!py 

That the conception of fiee energy is broader and more fundamental 
than that of work ai^pcars in many ways, but particularly in the fact 
that a change of temperature will produce a change of free energy, 
even when the change is isosieric, that is, conducted at constant 
volume, so that no work terms can arise. The reader sliould con- 
sult a textbook of thermodynamics for a proof of this, as it is outside 
the scope of this chaptei. The relation is therefore valid 

only for changes conducted at constant temperature, called iso- 
thermal, and moreover these changes must be ideally reversible. 
Th(‘ same conditions apply to the relation of heat q to the bound 
energy given by the equation 

The application of the idea of free energy is not, of course, limited 
(o the gaseous state, although m that case the calculation of its 
changes in terms of p, F, and T is often simple. Modern develop- 
ments in thermodynamics have shown how the absolute magnitudes 
of quantities, such as free energy, may be evaluated, but it remains 
customary and convenient to assign arbitrary datum lines to ther- 
modynamic quantities. We take pure solids, pure liquids, and 
gases at i atmosphere pressure to have zero free energy. Free energy 
reckoned from this zero is often termed the standard free energy. 
When we have to deal with solutions the standard free energy of 
the solute is reckoned from the datum line of molar concent ration 
C— I. On this convention the ideal gram-molecular free energy of 
a gas or solute is RT log p and RT log C respectively. 

Notation. — Our arguments will be largely concerned with changes 
of free energy, and total energy, often written AF and AU, but to 
avoid the continual repetition of such rather clumsy symbols we 
ask the reader to assume that an unprimed simple symbol, such as 
F or U, means always a finite change in the quantity concerned. 
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On the infrequent occasions when values of these quantities refened 
to an arbitrary standard state are required we shall use primed 
symbols. U\ etc. Thus 

The reader’s attention must be drawn to the prevailing confusion 
in regard to the symbolization for free energy, to which we shall 
continue to assign the symbols F and F' ; some authors, however, 
prefer the symbol A, and employ F for an allied quantity (the 
‘ chemical ’ free energy G, p. 235). 

Carnot’s Theorem and the Second Law of Thermodynamics. — I'he 
first law of thermodynamics is concerned with the energy of a 
system as a whole; it states that the sum total of energy of all types 
is conserved in an isolated system. The province of the second law 
lies in the limitations governing the interconversion of free and 
bound energy. Carnot, before the acceptance of the first law, 
discussed this question under the guise of the efficiency of a heat 
engine, which he defined as the ratio wjq, where u' is rhe useful work 
obtainable by the expenditure of heat q into the engine. His work, 
although epoch-making when seen in the light of later develoj)- 
ments, was obscured by his ajipiarent ignorance of the first law, and 
by a vague attitude on the meaning of temperature. He was, how'- 
ever, the first to appreciate that an ideal engine is a perfectly re- 
versible machine. Kelvin first gave precision to Carnot's ideas, 
and showed how to define temperature on the absolute scale which 
we now use. Carnot’s theorem on efficiency could then be quan- 
titatively expressed by the equation 

where (T2— T^) is the working temjierature range on the absolute 
scale of an ideal, that is perfectly reversible, engine. In differential 
notation this equation takes the form 

dw—qdl IT, 

which is an expression of the second law. In modern terminology 
it may be said to provide the law of the conversion of bound into 
free energy, and it demonstrates how this conversion is dejieiident 
on a difference in temperature. 

The Gibbs-Helmholtz Equation.— In any change, physical or 
chemical, the net change U in the total energy of the changing 
system must be, by the law of conservation of energy, the algebraic 
sum of the changes in bound and free energy, Q and F lespectively, 

H=^+F. 

The change U is sometimes termed the change in ‘ internal ’ energy, 
but this description is ill chosen, and frequently misleading. To 
clarify the application of this important equation, typical cases for 
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a system X, operating perfectly reversibly at constant temperature 
T, are tabulated below. 


Change 

Q 

F 

U 

(i) Heat q absorbed 

Work w done by X 


— IV 

q—iv 

(2) T leat ^ liberated 

Work w done on X 

-Q 

IV 

w — q 

(3) Heat q absorbed 
Work w done on X 


w 

7 + w 


From the equalities d20——dF, and (p. 229), wc may 

transcribe Carnot's relation dav-^ qdTjT into 

-dF^ + OdTIT 
or -Q^TidFjdT). 

Since U=Qd F, we have at once 

F~U=:.~-T(dF/dT). 

This is the Gibbs-Helmholtz equation in it-; original form. It may 
be written in the equivalent, but more compact and useful, form 

d{FIJl__ - U 
d f ‘ 

By carrying out the differentiation indicated, the second form trans- 
forms at once into the first. We shall need the second form in 
deriving the reaction isochore. 

The Gibbs-Helmholtz equation (in either form) relates the change 
F in free energy and the associated change U in total energy, when 
tlie change is accomplished isothermally at temperature 7\ It is 
of the first importance to realize that the equation is rigorously 
applicable to actual, and therefore at most partially reversible, 
changes. It is no less valid for completely irreversible changes. 
If an isothermal change is ideally reversible, then the whole change 
F is realized as (external) work; if the change is not reversible, then 
only a small part or none of the free energy change will appear as 
work, but the free energy change will still be precisely that specified 
in the Gibbs-Helmholtz equation. 

Free Energy and Chemical Change. — We may now profitably 
re-state the principle of maxinnim work in a more general form. 
A// systems tend to change spontaneously only in the direction of a 
decrease in their free energy, when this has been reduced to a minimum 
the system ceases to change, and comes into a condition of equili- 
brium. We connect what has been called the affinity of a reaction 
directly with the corresponding change of free energy. If we are 
now asked how this change of free energy, and therefore the affinity, 
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may be ascertained, we can give the prescription: (i) select a 
reversible mode for effecting the leaction, (2) measure the work 
obtained when the reaction proceeds in this mode, and reverse its 
sign. If the change is effected irreversibly it only means that the 
work obtained, if any, has no relation to the affinity, but the 
affinity is still measured by the free energy change, and is a fixed 
property of the reaction, and in no way dependent on how the 
reaction is conducted. There may be many routes, rc’A’ersible and 
irreversible, by which a system can move from one chemical state 
to anotluT, but the law u{ the conservation of energy tells us that 
whatever the route chosen, the difference of total energy U between 
the states will be ])rccisely the same. We have met this principle 
already in Hess's law (p. 224). The same property, of indejiendence 
of route, is manifested by the free energy E. In the simple example 
of the change of free energy of a gas with pressure (j). 22t)), we made 
the calculation on the assumption that the jiressure change took 
place reversibly, and used the relation w—~-F. The change of 
free energy would be exacth- the same if we had imagined the ex- 
pansion to take place suddenly into an evacuated vessel of suitable 
capacity, but no work would have been gained, in Ihc reversible 
ex]')ansion heat q must be passed into the gas to maintain constant 
temjicrature, and this heat is exactly equivalent to the work clone 
by the gas, the total change of energy U being zero. Thus we have 
(7— where w= — T‘ , and q—Q. During Hk^ irreversible 
expansion no heat is .supplied, but free energy F is con\'erted into 
bound energy Q. Again we have E |-t>=o. Thus the 

gaseous system suffers exactly the same changes in its free and 
bound energy in both types of expansion. It is only when we seek 
a ready means of evaluating changes m thermodynamic quantities 
such as E and O, in terms of p, V , and 7 ', that we mast olten confine 
our attention to specified types of route, such as those that are 
perfectly reversible, but the results so found arc universally a]:)pli- 
cable. It must be noted that both work and heat changes are 
quantities dependent on the choice of route. Those readers familiar 
with the more physical a.spects of thermodynamics will be aware 
that it is precisely to circumvent the dependence of heat changes 
upon route that the function entropy, S\ is introduced. The bound 
energy Q' referred to above (p. 229) is expressed as the product TS\ 
It is probably because thermodynamical arguments must necessarily 
be more concerned with abstract quantities such as free energy and 
entropy, than with the more familiar work and heat, that the science 
seems baffling to the beginner; but unless such a basis is adopted, 
thermodynamical predictions would be valid only for ideal re- 
versible systems, and could not apply universally to actual, practical 
reactions. 
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The Law of Mass-action and the Free Energy of Chemical Reaction. 

— Let four perfect gases, B, C, D, and E, which react according to 
the equation 

B+C-D l-E, 

be mixed at a suitable temperature T, thereafter maintained constant, 
and steps be taken to promote tlie attainment of the equilibrium 

B-fC.H3+E. 

To test whether a true equilibrium has been reached we proceed as 
follows. If equilibrium has not been attained then some change in 
the composition of the mixture, say an increase in the pressures 
^ 1 ) and /)],: of the resultants I) and E, and a decrease in the pressures 
/)b and pc of the reactants, will cause a decrease in the free energy 
of the whole system, and bring it nearer to equilibrium, where th<.‘ 
free energy is a minimum. If equilibrium has been reached, then a 
small change of this kind in cither direction wall leave the free energy 
unchanged, for the condition for a minimum is dF-- o. Thus 
equilibrium is reached when for a '^mall change of composition 

(dFij-\ dFE)~(dFj>.4 dFcj=-o. 

We have seen (p. 22()) that fur a perfect gas clF- RT d log p 
Therefore at equilibrium 

RT{d log y^D-l-cl log -cl log /)]{— d log /)J--no 
or iRY'd 

pnpc 

Therefore --constant , K (at constant temperature). 

pv^K 

If we iKnv have a ston^ of tlu^ gases B and C, each at i atm. pressure, 
we may pass i gin. -mol. of each of tlicm in successive small amounts 
through the e(iuilibrium system, and similarly withdraw i gm.-mol. 
of each of I) and E, also brought to i atm. The free energy change 
for this o])cration of the equation IHT'- D+li in the forward 
direction, i.e. complete translormation of H and C into I) and K, 
w^ill be due to the stages. 

(1) B and C at i aim. pressure are brought to the equilibrium 
pressures pi\ and pc respect i\'t*Iy, 

(2) D and K at equilibrium pressures and pE respectively are 
brought to I atm. pressure, 

for since B and C react to form D and E under equilibrium con- 
ditions, no free energy is lost or gained in the actual chemical change. 
Hence we see that the free energy change Foin the forward direction is 
F‘^=ilF(log />B+log />c— log />!:>— log Pe)=--RT log K 
This result has brought us to an exact measure of the affinity of 
the reaction B-f C=Dd E. for by taking the initial and final 
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pressures as unity, we have eliminated effects due to arbitrary values 
of the pressures, and ])laced ourselves in a position to correlate the 
affinity of one reaction with that of another, when each proceeds 
at the same temperature is usually tiManed the standard free 

cnerfiy of the reaction. 

The Effect of Change of Temperature upon Chemical Equilibrium. — 

From the results already obtained the j^roblem of how' temjKaature 
iniluenres chemical etiuilibrium is easily solved. Let U be the* 
total ener^^y cliange occurring when i gm.-mol. of each of H and C 
((‘ach initially at unit ])ressure) is comfdeU'ly converti'd into t gnu- 
mol. of each of D and E (each finallv at unit pressun^) by t]i(‘ 
operation of the equation H fC— D-fE in the forward direction. 
\Vc liave seen that the concomitant change in free energy is 

- -R f log K. 

From the (iibbs-Helmholtz e([uatu)n in its compact iorin we have 
d(-R7 logiC)/7 - 

d 7 ' ■ ' " 72 i 

or, on simplifying; 

d_lo^/v _ V 

\\r ’ ~Rn 


Now the change in total energy U must be just the energy change 
legist ('red as heat qy when the reaction proceeds, necessarily irre- 
versibly, in a calonineter at constant volume. 

d log /v qy 
dT Rn 


Therefore 


This relation is called the reaction isochore. When the chemical 
sign convention is adopted qy must be changed to — qy. 

If the reaction is exothenuic in its forward direction, d log KjeVr 
is negative, and K decreases with rise (^f temperature 7\ that is, the 
yield of i) and E in the equilibrium mixture is lessentid. The 
relation is, of course, the quantitative statement of Le Chatelier's 
principle in its ajiplication to changes of temperature. 

Systems at Constant Pressure. — In our derivation of the Gibbs- 
Helmholtz ecjnation and in the gas reaction B+C 1) j E to which 
it was a]ip]ied, to illustrate how problems of chemical affinity may 
be solvt'd, wc have tacitly or exjdicitly assumed that our systems 
are ‘ constant volume ' systems. In the Gibbs-Helmholtz equation 
this feature is seen in the meaning of f/, and in the conditions of 
different iatiem of the dF7d7" term, which should strictly have been 
written (bFib'r)y. I'liis conditiijn means that the change of free 
energy F with temperature T must be measured after steps have 
been taken en.suring that the pressure on the gaseous system is 
adjusted to prevent a change of volume as the temperature is 
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altered. In the chemical equation 'constant volume' means that 
there is the same number of molecular species on each side. So long 
as we confine our attention to purely gaseous chemical systems this 
restriction is not serious, as we can always comply with it by suitable 
adjustments of pressure and simple calculations. When, however, 
we deal with systems involving solids and liquids as reactants or 
resultants such a restriction is prohibitive. In such systems the 
only practicable condition is constant j^ressure, usually atmospheric. 
In the general case, therefore, the total free energy change F attend- 
ing a chemical reaction will consist of two contributions: (l) The 
change due to the work w involved in the change of volume at 
constant pressure, given by p{V,,~V^), This contribution is —w. 
(2) The change associated with the transformations of molecular 
s[)ecies. B, C, etc. to D, E., etc., from which the contribution is 
F-~(-~w) — F+w; it is clearly to this alone that the affinity should 
be related. We have seen that F—U—Q (p. 230); hence 
{U -\-w)—Q. Now it is obvious that when the reaction takes place 
in a calorimeter at constant piressure the heat change registered 
must be q~(V for the term w is still involved. Hence the 
‘ chemical ' free energy change F~\--tz'^G, and the ordinary calori- 
metric measurement IJ+w—H, coriespond in the same way as F 
and U] in particular G--H-~F~~U. Further it may readily be 
shown that (^Gj^T)^~(bF/b7')y. Hence we can write more general 
forms of the Gibbs-Helmholtz equation thus: 

G-H---.T(bGlbT)p : 

These equations really include the form in terms ot F and U as a 
special case, in which — w—o. The heats of formation m the table 
on p. 225 arc measurements of //, and not of U. When H is large, 
its difference from U is commonly small in comparison with its 
magnitude. The Iree energies of formation below are likewise 
values of G, not of F. (Free energy released reckoned negative.) 



Free Energy 


Free Energy 

Compound 

of Formahon 

Compound 

of Formahon 


at 298° K. 


at 298° K. 


{Cal) 


{Cal.) 

H.O (1) 

-5^-7 

CO, 

-94M 

H^S 

-7-84 

CO 


HF 

-3ivS 

KO 

4-20-83 

HCl 

-zi '7 

NO, (g) 

-f 12-49 

IlBr 

~i2-5 

MgO (s) 

-136-4 

HI 

— 2-0 

ZnO (s) 

“■75-7 

NH, 

-30 

AsgO, (s) 

- 137-7 

(For reactions, see table, p. 

225: all gases at /i — i atm.) 


Free Energy of Formation 
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Inspection of this table in conjunction with table on p. 225 for heats 
of formation discloses that free energies of reaction and heats of 
reaction commonly have the same sign and comparable magnitudes. 
We could therefore hold empirically that heat of reaction usually 
gives a rough estimate of the affinity, but that this as a principle 
is false is well shown by the case of hydrogen iodide, where an 
endothermic compound is formed spontaneously from its elements 
owing to the decrease of free energy. It is interesting to contrast 
nitric oxide NO and nitrogen dioxide NOo with carbon monoxide 
CO and carbon dioxide COg. Both the oxides of carbon are thermo- 
dynamically stable, there being a substantial decrease of free energy 
when they are synthesized from graphite and oxygen. On the 
contrary, neither nitric oxide nor nitrogen dioxide has any thermo- 
dynamic sanction to exist at ordinary temperatures: both should 
change spontaneously in t o nitrogen and oxygen Ng and Og. Thermo- 
dynamics, however, affords no information about Reaction rates of 
the changes it predicts. We have in the two oxides of nitrogen an 
extreme example of sluggish rate of reaction, the sole reason for the 
practical stability of these oxides. 

The Equilibrium Constants and Kc, — We have seen tliat for 
the reaction between gases 

B+C -DIE (I) 

the total free energy change is a rational measure of the affinity 

F (or G) - - -RT log A'= -R V log 

p\^pc 

No distinction need be made here between F and G, for - 7e=o, 
whether we effect the reaction at constant pressure or constant 
volume. The eciuilibrium constant K is usually written Kp, to 
indicate that it is formed from the partial pressures of the reactants 
and resultants. Subscripts arc often used in thermodynamics to 
indicate that a certain variable has been kej)! constant; such, of 
course, is not the meaning of the subscript p in this case. For the 
reaction between gases 

B-l-C-I) (2) 

G=-RT log 7 v,,= -RT log , 

G and not F is the appropriate measure of the affinity. G is the free 
energy change that would be observed when ig.-mol. of each of B 
and C react to give ig.-mol. of D, all at i atm. pressure. 

Let us now express pn, cic., in terms of molecular concentration, 
Cd, etc., using the relation Ph^cbRT, which holds for a perfect gas. 

We sec that for reaction (i) Kp=Kc, but for reaction (2) Kp= 
Kc(RT) where Kc is used for the general expression CdCi^/CbCc. 
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If there had been a difference n of molecular species on the two sides 
of equation (2) we should have found Kp=^Kc[RTY. Now the 
validity of taking Kp as a true measure of affinity follows upon our 
choice of the standard gaseous state (p. 229) as one at unit pressure, 
p = i (atm.). Had we chosen as the standard state the condition 
C— I, i.e. I gm.-mol. per litre, then /C would become our measure of 
affinity. Thus if we wish to adopt Kc to represent affinity, as for 
example in dealing with solutions, we must agree to take unit 
concentration as the standard state for solutes. When this condition 
is understcjod no confusion need arise in the use of Kp and but 
they must not be interchanged indiscriminately. 

The Kinetic Theory and the Isochore.— The kinetic theory of 
gases provides us witli anollier valuable method of attack on the 
problems of chemical change. Two gas molecules can take part 
in a reaction, if we confine ourselves to homogeneous changes, 
only when they collide, and from our knowledge of the mean 
free path — i.e. the mean distance traversed by a gas molecule 
between collisions, as calculated from independent physical methods 
— we can calculate the number of such collisions per second in a 
gram-molecule of the gas under given conditions of temperature 
and pressure, and hence the maximum possible velocity of the 
reaction, on the supposition that all such collisions result in chemical 
change. For reactions taking place at a measurable speed this 
maximum rate is always greatly in excess of that actually found by 
experiment. There is another reason why the hypothesis that all 
collisions are fruitful must be rejected. The temperature-coefficient 
of the rate of chemical change is usually high; an increase of ten 
degrees in the temperature usually causes an increase of a hundred 
per cent or more in the reaction velocity. Now the temperature- 
coefficient of the number of collisions per second can be calculated 
without difficulty from the kinetic theory, and is very much less. 
We are therefore, for these two reasons, forced to conclude that 
only a small fraction of the total number of collisions that take 
place result in chemical change. At an early stage of the history 
of the subject the suggestion was made that only molecules whose 
combined energy exceeded a certain fixed value would react 
together. The suggestion has been wholly successful and its 
consequences must be more closely examined. 

Consider a reversible gas reaction, bimolecular in both directions, 
in which a quantity of heat qv is absorbed at constant volume, 
and denote by Ej the total energy required by two gram-molecules 
before they can react in one direction, while E.^ is the energy required 
by two gram-molecules of the product for reaction. Then; 


Ej — E.^~qv- 
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Now it can be shown by statistical study of the distribution of 
energy among gas molecules (Chapter II, p. 94) that the fraction 
of the collisions in which the combined energy of the molecules 

exceeds E, is , so that the rate of the forward reaction is: 

const ant X 

while the rate k,, of the back reaction is: 


A:^=constant 

The equilibnum-constant ^ is the ratio ol the velocities of the 


forward and back reactions (p. 112), so that K 




Fig 72 Distribution of Kinetic Energy among Gas Molecules 


Taking logs in all these equations: 

E E 

loge = loge constant — ^ log© ^.^==loge constant — f 

logeK=logeA,— loge A:2=loge constant -=loge constant— 


d log K qv 


a result already reached by thermodynamic 


reasoning. It is true that the constants used in this deduction 
represent the number of collisions in unit time and are therefore 
not independent of temperature, as we have assumed them to be, 
but this introduces only a small correction into the result. 

The meaning of these equations will be clear from the diagram 
(Fig. 72), in which the kinetic energy is plotted against the number 
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of molecules having that energy at a given instant: a somewhat 
similar diagram appears in Chapter II (p. 94). The two cui'\"es 
represent two slightly different temperatures. It is found, as we 
should expect, tliat by far the larger number of molecules have 
energies in the neighbourhood of ihe mean energy: either very 
small or very large values are much less common. The total 
number of molecules is equal to the area enclosed by either of the 
curves and the energy axis, the number with a kinetic energy 
greater than some fixed value Zfj is equal to the shaded area. It 
is clear that a small fractional increase in the temperature mav 
lead to a large fractional increase in Ihe number of molecules with 
kinetic energy in excess of and this is the reason for the high 
tcmperaturc'coefficicnt of reaction velocity. 

Energy of Activation. — I'he ('nergy is called the energy oj 
activation of the (forward) reaction. It can be calculated in two 
ways : 


(i) ITom the observed temperature-coefficient of the reaction 
velocity and the equation ^ RT^ 


(ii) By calculating, with the help of the kinetic theory, the total 
number of collisions, and finding from the observed reaction 
velocity at some fixed temperatiiie what fraction of these 
results in reaction. This fraction can then be put equal to 
e~'EilRT^ and E^ found from this equation. Energies of 
activation calculated by these two methods are usually in 
good agreement. 


Explosive Reactions. — Reaction velocity may attain very large 
values, and the reaction become explosive when the energy liberated 
as two molecules react is either greater than, or very nearly equal 
to, the energy of activation. 1 he energy evolved in a fruitful 
collision is tlien sufficient to cause the reaction of neighbouring 
molecules, and a reaction chain is set up. If at any temperature 
both the heat of activation and the heat of reaction are large com- 
pared with the average energy of the molecules at that temperature, 
an explosive gas mixture is stable until reaction is begun by a spark 
or a catalyst. Explosion then takes place. A mixture of oxygen 
and hydrogen at room temperature is an example of such 
behaviour. 

Applications of the Isocbore. — The isochore as we deduced it is 
practically inconvenient and must be integrated. As a first 
approximation we shall assume qy to be constant over the range 
of temperature considered. In many important gas reactions this 
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is approximately true over a wide range. Then, since ^ 


log K==^ const ant. At the moment we have no means of 

evaluating the constant, but we can easily test the alleged linear 

relation between log K and W'e may lake as an example the 

oxidation of sulphur dioxide with oxygen, a reaction of great 
technical importance : 

2SO, h0.v-^2S03. 

[SO, 

The values of the equilibrium-constant ^ in the fol- 

lowing table are calculated from the experimental work of 
BoDENSTi-iN and Poiil: 


/ nnpeyatme 
{C cntii^rade) 

K. 

52<S 

980 

570 

3()0 

627 

8O7 

(»So 

10 5 

7-’7 


780 

0 92 

S3 2 

046 

S «)7 

0 13 


The temperature is then converted to degrees absolute, and 


I 

T 


is plotted against log^^ K (Fig. 73). 7 'hough over tins range ihe 
efjuilibrium-constant varies nearly ten-thousandfold, the isochore 
is satisfactorily obeyed 'i'he importance of such a relation to 
the study of chemical equilibrium can scarcely be overestimated. 


Since the equation log K-- 


-qv 

RT 


-f constant (in wdiich it is assumed 


that qv does not vary with temperature) contains only two un- 
knowns, namely qy and the constant, only two experimental 
determinations of the equilibrium-constant at different tempera- 
tures are required to deduce the relation between K and T. If 
three determinations are made and it is found that ovei this range 

the isochore is obeyed (i.e. that the plot of log K against ^ is a 

straight line) it is legitimate to interpolate between these tem- 
peratures , but figures obtained by extrapolation beyond the 
experimental results are here, as always, to be regarded with 
suspicion. 
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An interesting application of the isochore is to the dissociation 
of water: 

OH'. 

As we have already seen, the heat evolved on the combination of 
a gram-ion of hydrogen with a gram-ion of hydroxyl is simply the 
heat of neutralization of strong acids and bases, a quantity which 



can be measured without difiiculty, and is equal to 13,700 calories 
(Chapter VI, p. 194). The 1 elation between the temper ature and 
the ionic product of water, /vw, should therefore be: 

tilo^Kw 4-13,700 

When Kohlkausch and HiiYDWHii.liiJ? measured the electrical 
conductivity of pure water in 1894 Arrhenius pointed out that 
it should be possible to calculate the temperature-coefficient of 
the conductivity (from which /vw can be directly calculated) with 
the help of this equation, and his prediction was brilliantly fulfilled. 
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The following tcible is from his book on Electrochemistry , based on 
lectures delivered in 1897: 

7 emptifaiure 


[Centi^rndie) 

Sp cond {ohs.) 

Sp. cond. {calc 

— 2° 

1-07 X lo"** 

j -03 X 10““ 

4 r 

1 -62 X TO"* 

1*58 X 

JO® 

2 38 X 

2*30 X 10''** 

18® 

3*80 X io“* 

3*80 X io"“ 

20® 

O-oO > 

0*0 r X 10"* 


8*00 y To“" 

9*01 X lo’ * 

42" 

3 2 * 9 ^ X 10“** 

1 3 05 X T 

50® 

18*07 

18*39 X icj~“ 


The implication of these results is unaltered if for H* we substitute 
the actual ion H;, 0 '. 

The isochore is not restricted to purely chemical reactions, but 
can equally well be applied to such physical problems as the varia- 
tion of vapour pressure with temperature. It is also a convenient 
method of calculating the heat of solution from the temperature- 
coefficient of the solubility. The following example, due to van't 
Hoff, will make this clear, vdz. from the solubility of succinic acid 
in water at two different temperatures to calculate its heat of 
solution. In this calculation, which is the reverse of those we 


have just illustrated, we write logA— 

R1 


-I- constant, or, at 


temperatures and log /v,— log In this 

case K represents the solubility, which is 28*8 gm. per litre at 0° C., 
and 42*2 gm. per litre at 8-5° C. This makes the heat of solution 
6,900 calorics, while the experimental value is 0,700 calories. In 
the same way the heat of dissociation of a weak electrolyte can 
be calculated from the temperature-coefficient of its dissociation- 
constant as measured by the electrical conductivity of its solutions. 
The dissociation of a weak acid is to be represented by the equation 
HA-bH20=A'4-H30‘, and is usually an exothermic process. 
The hypothetical change [in vacuo) HA~H’H-A' would, of course, 
be endothermic. Consequently the dissociation-constants of such 
substances usually diminish with rising temperature. 'I'he electrica.1 
conductivity usually increases with temperature on account of the 
increased mobility of the ions, which is more than enough to over- 
come the decrease in the dissociation; but some weak electrolytes 
(e.g. phosphoric acid) show a maximum in conductivity with respect 
to temperature, a fact which was predicted by Arrhenius. 

Kirchhoff’s Equation and the Nemst Heat Theorem. — With the 
isochore we can investigate the change in the equilibrium with 
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temperature, but it tells us nothing of the magnitude of the 
equilibrium-constant at any given temperature, and we shall now 
briefly discuss the methods by which this problem has been attacked. 
We must first develop Kirchhoff*s equation, a simple relation 
connecting the temperature-coefficient of the heat of reaction with 
the specific heats of the substances participating. Let the reaction 
be carried out at constant volume at temperature T, with absorp- 
tion of a quantity of heat q^. Let the products, whose thermal 
capacity at constant volume is be heated to a temperature 
T^dl\ for which a ejuantity of heat Ec.^.dT is required, and at this 
infinitesimally higher temperature let the reaction be reversed, 
the heat given out being qy^dq Now let the original reactants, 
of thermal cajiacity be cooled to 7', giving out a quantity of 
heat Ec^.dT\ the system is now at its original condition. Hence; 

qy-\- 2:c.,.dT=qy+dq JrSc^.cn , or 

This IS Kirchhoffs equation. Now it is found that the specific 
heats of all substances can be expressed in a series of rising powers 
of the temperature, and since from Kirchhoffs equation: 

dqy — —Ec^)dT, 

It follows that qy can also be expressed in rising powers ol the 
temperature, thus: 

qv=^qa+oT-\-pT^-\-y'n+ . . . 

For changes at constant volume carried out without the performance 
of external work wc may .substitute U for qy so that: 

Now from the Gibbs-H(‘lmholtz equation (p. 231), 
d{Fir) 

dr n ■■ n y- ^ • • • 

Integrating, /''=C7„+«7'—a7' log 7 — — . . . where « is 
an integration-constant. 

Then; '^-^,=a-|-2^r-l-3y7H . . . 

and log 7 -2^>T-3yr»- . . . 

Fig. 74 shows the type of curve which these relations give. We 
know from the Gibbs-Helmholtz equation that at the absolute 
zero F and U must be equal. Nernst was led by considerations 
into which we cannot enter here to suppose that the true form of 
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the curves was as shown in Fi|?. 75, which in U and E coincide not 
merely at, but also for some distance above, the absolute zero. 
If this is so, at the limit wlien T~o: 

dU ^ dF 
-,,,,^oand ,,„^o. 
d 1 d I 

This is the Nkrnst Hcut Theorem. 


Applying this relation to the differential equations already 
obtained, we find that ci^o, and 

fr ■ • ■ 

d L 

while =-- -2PT~ -yn- . . . 


r/„ I li'n l yT-a 


and F .= Ua-yT^ . . . 

The great importance of these two equations is that they allow the 
calculation of F and U in terms of purely thermal quantities, v'u. 
the coefficients p, y , . . which can be estimated from measure- 
ments of specific heat. The primary object of physical chemistry 



O^’Abs. — ^ Temperature O'^Abs. — ^ Temperature 

Figs 74 & 75. The Akfinity and the Heat of Reaction at 


Low Temterature 


is flic coiTelation of chemical properties with the pliysical forces 
that arc the cause of chemical combination, and when this has 
been acconqilished it will no longer be necessary, as it is necessary 
now, to postulate the existence of chemical forces of any kind. 
Since there is every prospect of our being able to trace the exact 
connection between the specific heat of a substance and the struc- 
ture of its molecule and the internal structure of the atoms which it 
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contains, any exact relation between the specific heats of substances 
and the affinity between them is of high importance. 

Applications of the Nernst Heat Theorem.— Since its introduction 
in 1906 the Nernst heat theorem has been constantly applied to the 
most diverse forms of chemical ecjuilibrium, usually with great 
success. I'hough not directly applicable to gases (for these cannot 
exist at absolute zero) the law can be developed so as to include 
them as well. Since most of the applications require somewhat 
complicated reasoning, we shall examine a single instance, the calcu- 
lation of the transition-temperature between rhombic and monoclinic 
sulphur, the ex])erimental work being due chiefly to Bronsted. 

It is found that the specific heats of rhombic and monoclinic 
sulphur can be expressed with considerable accuracy over the 
required range by expressions containing only the first power of 
the temperature. The difference between the specific heats is 
1-15 X This corresponds with the term in the series for 

V and F, so that 1*15 x io ~^7 ^ and F— X lO" 

By determinations of the heat involved in the change of i gm. 
of sulphur (the specific heats having been calculated on this 
basis) we find that I7=i-57d-i*i5 x io~^ 7 ’^ and consequently 
E— 1-57 — I-T5 X I'he most direct check on the last ex- 

pression is to cakailate the temperature at which the affinity F is 
equal to zero, since this must be the transition temperature, at which 
the system has no tendency to change in either direction. This 

/ ^*57 

temperature should equal V ^•15x10^^^^^^ '^° Abs.=96*5° C. ; 

experiment gives 95.4° C., a difference of only i-i Centigrade 
degree. The imp)ortant point about this calculation is that all 
the data employed are purely thermal. 
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FLECTROCHEMISTKY AND PHOTOCHEMISTRY 

ElectfochemiUry . The DaiDcIi cell — The potentiometer — Standard cells — 
Standard electrodes — The electiode potential — The activity coefficient — 
Standard electrode potentials — The effect ol ionic transport on K M F — 
Determination of transport numbers — The liquid junction jiotential 
li M F and chemical aflinity — Calculations of cquildmum-constants 
Oxidation-reduction potentials — Allotropy — Solubility of sliglitly soluble 
salts — Complex ions — Hydrogen ion concentration — Dctei rnination of 
valen(.y Summary ol applications -Electrical methods m analysis 
electrometric titration, conrluctivity titiation, gravimetric analysis — 
Technical applications rehrnng, preparations, plating, accumulators — 
Reactions in the electric discharge 

Photochemtstvy Chemical processes winch emit light — Eilect oi light on 
chemical change — Decomposition of hydrogen bromide — Taw of the 
pholochemical equivalent — Experimental tests — (‘oinbination of hydrogen 
and chlorine — Photograjdiv 

In the first part of this chapter we shall briefly consider: 

(i) The contribution of electrochemistry to general chemical 
theory 

(ii) Electrochemical methods ot mvestigating chemical systems 
and m analysis. 

(iii^ Applied electrochemistry. 

The DanieU Cell. — The Daniell cell is familiar to all students of 
physics. It consists ol a zinc rod dipping in a solution of zinc 
sulphate, which is separated by a porous partition from a copper 
plate surrounded by a solution of copper sulphate, the object of 
the partition is to reduce the mixing of the solutions. No per- 
ceptible chemical action takes place until the zinc and copper 
electrodes are connected outside the cell ; a current then circulates, 
and it is found that zinc dissolves from the zinc rod while copjier 
is deposited on the copper plate. 

The passage of a current through a metal consists ol a flow of 
electrons, or particles of negative electricity, in the contrary direc- 
tion to that in which the current is said to flow — i.e. the electrons 
go from ‘ negative ’ to ' positive * ; and the power of supplying 
mobile electrons and hence conducting an electric current is one of 
the characteristics of a metal. Our study of Faraday's laws of 
electrolysis (Chapter IV, p. 142) leaves us in no doubt as to the 
changes that take place at the electrodes. When a cupric ion is 
deposited on the copper plate as an atom of copper it takes two 

246 
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electrons from the plate, and when a zinc atom leaves the zinc 
rod to become a zinc ion it leaves two electrons behind it: 

Zn->Zn +2 electrons and Cu‘*+2 electrons ->Cu. 

A flow of electrons from the zinc to the copper outside the cell is 
therefore necessary in order to prevent an excess of electrons in 



Fig. 76 Ttif Daniet.l Cki.l (Diackammatk) 

the zinc rod and a deficit in the copper plate. This flow con- 
stitutes the current. The production of a current in the cell 
therefore depends on the fact that the tendency of a zinc atom to 
become a zinc ion is greater than the tendency of a copper atom to 
become a copper ion. A complete external circuit must be in 
existence before these changes can take place to any perceptible 
extent, otherwise the loss of a minute quantity of zinc from the 
zinc rod leaves an accumulated negative charge behind it which 
makes it impossible for any more positively-charged zinc ions to 
enter the solution. A similar process takes place at the other 
electrode. 




Pig 77 The Potentiometer 

The Potentiometer. — The energy relations of such a cell can be 
studied with advantage only if the process is made to take place 
reversibly and with the performance of the maximum amount of 
electrical work. The process is therefore opposed, until it has 
only an infinitesimal tendency to take place. This is the principle 
of the potentiometer, an instrument for measuring electromotive 

I 
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force. In the dia/:^ranis is the cell whose electromotive force is 
to be determined, C, a source of constant electromotive force, 
and AB a wire resistance. The position of the sliding contact O 
is varied until the tendency of C2 to produce a current flowing in 
one direction is exactly balanc(‘d by a current in the opposite 
direction imposed on it by Cj. At this point no current passes 
through the galvanometer G. A c(‘ll of accurately known electro- 
motive ff)rce IS then substituted for Co and tlie experiment repeated; 
the ratio of the E.M.h'.s is then equal to the ratio of the two resist- 
ances AO. To avoid calibrating the whole length of the wire AB 
it is usual to concentrate nearly all the resistance between A and 


B> in two accurately knowm resistani'.es R^ and R.^, leaving the 
intermediate wire for the final adjustment. 

Standard Cells. —It is fcjund that the E.M.F. developed by a cell 
depends not only on the nature of the solutions but also on their 
conc(‘ntration. Consequently in staiulard cells — i.e. cells of con- 



Fig 78 Tuk Wksion Standard Ckll 


slant and known E.M.F. — 
it is necessary to employ 
solutions of absolutely con- 
stant concentration, and 
this is most easily achieved 
by u.sing slightly soluble or 
insoluble salts, whose solu- 
bility may if necessary be 
depressed by a fixed con- 
centration of another salt 
with a common ion. The 
temperature -coefficient of 
the E.M.F. should also be 
as small as possible, for 
obvious reasons, and the 
materials must be such as 
are easily obtained pure. 
It is also essential that the 
passage of a current should 
not produce new substances 
— such as gas — at the elec- 
trodes, .since this would alter 
the electromotive lorce. 


Such a di.sturbance is called polarization , and a standard cell that 
became polarized would be useless. Mercury electrodes are also 
desirable, because mercury surfaces, being liquid, are constantly 
nmewed, and it is found that the E.M.F. of cells is affected by 
any mechanical strains at the electrodes and is also slightly 
dependent on the nature of the metal surface. 
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The diagram shows the Weston cell, in which all these condi- 
tions are observed. One electrode is pure mercury, while the other 
consists of mercury containing 12 jicr cent of cadmium (slight 
variations in this percentage are without effect). The intervening 
solution is saturated with both cadmium and mercurous sulphates, 
and is in contact with crystals of these substances (CdS04.8/3H20 
and HgjSO^), the former being in contact with both electrodes, the 
latter with the mercury electrode only. The E.M.F., which has a 
small but not negligible temperature-coefficient, has a value at 20° 
of 1*0183 volts. If not kept in a thermostat, the cell should be 
wrapped in cotton-wool in a box. 

When the circuit is closed, cadmium atoms leave the amalgam 
to become cadmium ions, and mercurous ions leave the solution to 
become mercury atoms at the mer- 
cury electrode. These processes 
would alter the concentration of the 
solution and hence alter the E.M.F. 
were it not for the fact that the 
solution remains saturated with 
both sulphates owing to the presence 
of the solid. Nevertheless standard 
cells .should never be allowed to 
supply current for niore than a few 
moments at a time because the 
process of solution is a slow one. 

StandardElectrodes.— 1 he E.M.F. 
produced by a standard cell is 
the result of two processes, one 
at each electrode, and in order to 
investigate them separately 
a standard electrode or half-cell is 
required. The calomel electrode, ihe most commonly used of these, 
is shown in the diagi am. In the ‘ normal ' electrode a normal 
solution of potassium chloiide is used, in the * saturated ' electrode 
the solution is saturated with both calomel (mercurous chloride, 
HgoClg) and potassium chloride. When the electrode is in use, the 
tap A is closed and the tap B is open. At other times B is closed to 
prevent diffusion along the side-tube, which dips into the same 
‘ bridge ' solution as the side -tube of the other electrode. Two 
electrodes arc required before any measurements can be made. If 
we wish to compare the E.M.F.s of two electrodes, we couple them 
in turn with the same standard electrode and take the cliffererice 
between the E.M.F.s of the cell in the tw^o experiments to be the 
difference between the E.M.F.s of the two electrodes wc are in- 
vestigating. An arbitrary value of zero is therefore assigned to the 
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potential of one electrode and all other values are expressed on this 
scale. The standard hydrogen electrode is that usually selected, and 

this we must now shortly describe, 
for in addition to its use as a 
standard it is of great theoretical 
importance. 

The hydrogen electrode is 
usually a complicated instrument ; 
the diagram shows a simple type. 
Hydrogen at standard pressure 
bubbles up through an acid solu- 
tion of standard concentration in 
which a cylinder of platinum foil 
is partially immersed. Electrical 
connection is made with this cylin- 
der, and a siphon tube filled with 
the acid solution leads to tlie bridge 
solution in which di})S the side-tube 
of the other electrode, whatever it 
may be. Hydrogen dissolves in 
the platinum, the solution be- 
having as though it were a 

metallic alloy, and the chemical 

change which takes place in this 
electrode is H.,f^ 2H’ + 2 electrons. 
The Electrode Potential. — With the help of these standard elec- 
trodes it is possible to find out how the electromotive force of a 
metal dipping in a solution of one of its salts vanes with the nature 
of the metal and the 

concentration of the Pn-pniTc ^ 

solution. We shall first & ... 

discuss the theory of the X partition 

variation with concen- 
tration, which was first 
worked out by Nernst. 

The relation can be 
most simply derived 
from a consideration of 
what is called a con- 
centration cell. This in- 
cludes two electrodes of 

the same metal dipping in solutions of the same salt of this metal at 
different dilutions and Eg concentrations Q and Cg, where 

and " 

'-'2 
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Fig. 81. A Concentration Cell 


If the potential difference of a metal towards 
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solutions of its salts depends on their concentration, such a com- 
bination must have an electromotive force, and this is borne out bv 
experiment. To reduce our argument to its simplest terms we shall 
first supjiose that the sole reactions accompanying current flow are 
the production of cation on the side of lower concentration, and the 
deposition of an equal amount of cation on the side of higher 
concentration. In order to take into account the known divergence 
of ionic species from ideal beliaviour as solutes we shall be obliged 
to replace the concentration C of cation by the quantity a, called 
the activity. The fundamental meaning of activity is that an ion 
at concentration C behaves identically like an ideal solute at con- 
centration a (see also p. I57)* Let the valency of the cation be n, 
and let the potentials of the electrodes with respect to the solutions 
be Ey and Then if a gram-atom of the metal is dissolved off one 
electrode and dejiosited on the other, a charge of nF coulombs has 
passed round the circuit (F— 96,490, or the number of coulombs 
in a faraday), and the electrical work done has been nF{E^ — E^, 
since E^—E^ is the potential difference between the electrodes, 
assuming (and this is only true as a first approximation) that there 
IS no potential difference at the porous partition where the solutions 
meet. Simultaneously one gram-ion of the metal has been added 
to the solution of lower concentration, and an equal amount removed 
(by electrode deposition) from the solution of higher concentration. 
The loss F ot free energy involved is that of the transference of 
one gram-ion from the higher concentration (activity a^) to the 
lower concentration (activity namely RT log aja^ (see p. 229). 
As these changes may be conducted isotliermally and reversibly 
we have 

w- -F (see p. 229). 


or n F(E^ — E,^) -- R T log 

Rl 


Now we shall define the standard electrode potential oi a metal 
as its potential tow^ards a solution wuth its ions at unit activity, 

RT 

and denote it by E^. Therefore, when E^^E^-\- log a,. 

This is the relation between the electrode potential of a metal and 
the activity of its ions. The value of E(„ however, and consequently 
of El, can be calculated only in terms of the potential of some 
standard electrode. 


Only when the ionic concentration is small may we write — - 

cl 2 tx 2 

and the formula is then in agreement with experiment. It can be 
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seen from the formula that the change in potential caused by, say, 
a tenfold recluction in the ionic activity is the same for all metals 
of the same valency. For univalent metals at 25^' it is equal to: 


i»99 X(273 +2 5)X4‘i 8 
I X qb ,490 


Xloge 10=0-058 volt. 


In this calculation 1*99 is the value of R m calories, (273+25) is 
the ab.solute temperature, 4-18 is the number of joules in a caloric, 
and 96,490 is the number of coulombs in a faraday. 

We have now to consider whether in practice we can limit the 
cell reactions in the way we have assumed. One simple device may 
be illustrated by an example. Suppose the electrodes are of silver, 
and the dissolved salt is silver nitrate. If now ]iotassium nitrate 
greatly in excess of the silver salt is dissolved to give equal con- 
centrations on the two sides of the cell, the current through the 
cell will be borne almost wholly by this salt ; furthei, the movements 
of anion needed to balance the changes in the silver cation are 


accomplished with negligible change of free energy. Another 
advantage secured by the presence ol the ' carrier ’ salt is that the 
potential at the liquid junction is reduced to a negligible quantity 
(see p. 256). In a cell so prepared we inav set and we 

find the formula derived above is well confirmed by experiment. 

The Activity Coefficient. -The ideal molecular free energy of a 
solute whicli i.s not an electrolyte is F'—RT log C, where C is tin* 
molecular concentration This expression holds (airly exact !y u]i 
to about C-- 1 lor most non-electrolytes. Ionic species, however, 
diverge horn ideal behaviour even at low’ concentrations, and it is 
neces.sary to write f^c\=u and /"being called the activity 

cocjfficicvt, and a the activiiy. For a strong (completely dis.sociatecl) 
electrolyte, yielding two ions of equal charges, the total molecular 
free energy F' is F,^' yFJ -RT log a^a_. In practice it is usually 
not possilde to distingiii.sh the separate activities of the cation and 
anion, d'hc mean activity of the 10ns a is detmed bv the equation 


a^~a ^a_. 

Hence F‘ = 2 RT log a. If each ion behaved independently and 
ideally the free energy of the electrolyte (concentration C) would be 
F'=2RT log C. The ratio ajC—J is termed the activity coefficient 
of the electrolyte, or, more significantly, its thermodynamic degree of 
dissociation. The standard state lor ionic species is thus a — i, and 
not C=i as for non-electrolytes. 

As the physical and chemical behaviour of electrolytes, as ol nori- 
electroiytes, is ultimately determined by the free energy, the 
measurement of the activity coefficient is of fundamental importance. 
The most direct method, of which we give only an outline, is from 
the E.M.F. of suitable cells. Consider a cell formed from a hydrogen 
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electrode (with gas at i atm. pressure) and an electrode of 
siher coated with silver chloride, both electrodes dipping uito the 
same solution of hydrochloric acid, of concentratioii C. In tins 
cell the silver is the positive j)ole. If the E.M.F. is E, and one 
faraday of electricity has flowed, the electrical work gained is EF, 
and the following chemical chang(‘ hns occurred in the cell: 

J H2(i :i tm. ) + AgCl (s) 1 1 Cl (dissol ved) + Ag(deposited) . 

The loss of hydrogen gas, of silver chloride, and the de])osition of 
silv('r will occasion the same change of free f'nergy, what(‘ver the 
concentration of the acid m the cell. If the mean activity ol the 
ions of hydrochloric acid at concentration C is a, its yiroduction 
causes a gain zRT log a ot fre(‘ ( iK^rgy. Hence the total dimiiiution 
of free energy E is given by 

E -constant —iRT log a. 

Hence EF constant— 2 /? 7 ' log a. Putting in the value of RT/F 
for 25" C. we find 

Constant — E" o-Tib log a. 

If o-rib log r is subtracted from (‘ach side we have 

Constant — (E-f o- 1 It) log C) o-ti() log /. 

Now' as C de<:r(Mses to zero, /appioaches unity, and log /approaches 
zero. Hence il the observed values of the quantity (/f + O'^^b log C) 
are ])lott(‘d against C, or mon^ conveiiientlv, against \/C, extra- 
])olation to C - o gives the \ alue of the constant, and then log / and 
henc e /'can be dctcTinincd foi any value of the acid concentration C\ 


CotK 1 n- 
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f 

a 
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il at ion 

J 

a 
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ACJIVI'IV AND ACTI\rrY Cur.FFlClCNT C)F 1 lYDROCHKJRIC ACTD 

Activity coetlicients for a range of concentrations of a large number 
of electrolytes hav'c been determined and tabulated. They all 
show similar behaviour in falling to a minimum and then rising to 
values above unity, as in the example of hydrochloric acid above. 
The above data show that the mean activity of the ions is unity 
when the concentration of the acid is i -isn. The standard hydrogen 
electrode should therefore contain acid of this concentration. 

Standard Electrode Potentials. — By coupling an electrode in which 
tfj is known with a standard electrode, such as the standard hydrogen, 
W'hose j)otcntial we arbitrarily set at zero, and measuring the E.M.F. 
of the combination, wa=‘ can calculate Eq for the metal in question 
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from the known value of and the observed value of Since 

RT 

the term ^ log vanishes when a, is equal to unity, E^^ is the 

potential ol the metal with resj)ect to a solution of its ions of unit 
activity. The following table shows some of the values on the 
hydrogen scale. On the convention we have adopted, a negative 
potential indicates a greater tendency than hydrogen has to pass 


into solution 

in the 

ionic form; 

but the 

contrary 

convention 

sometimes preferred. 




Metal 

Ion 

Potential 

Metal 

Jon 

Potential 



(volts), 



(rolls), 



25" C. 



23“ C- 

Li 

Li‘ 

— 3*02 

Cd 

Cd” 

— 0*40 

Rb 

Rb* 

- 2 ()2 

Co 

Co” 

- 0-2(S 

K 

K' 

- 2-()2 

Ni 

Ni” 

- 0-23 

Ca 

Ca” 

-J-Sy 

Sii 

Sn” 

- 0- 14 

Na 

Na' 

- 271 

Pb 

Pb” 

’-0’12 

Mg 

Mg” 

- 2*34 

H 

H 

000 

A 1 

Al” 

— 1 4)6 

Cu 

Cu” 

-! 

Mn 

Mn” 

—I -08 

Hg 

Hg.;* 

-I o-Ho 

Zn 

Zu” 

— 076 

Ag 

Ag‘ 

-!■ o-8() 

Vc 

h"e” 

-0-44 

Au 

An” 

-i i-jO 


This is the well-known electrochemical scries of the metals; we 
shall consider some of the chemical consequences of these values 
later in the chapter. Electrodes can also be made from elements 
such as oxygen or the halogens, which yield negative ions, but 
experimental difficulties have first to be overcome, tind an oxygen 
electrode constructed in the same way as a hydrogen electrode 
does not giv^e satisfactory readings, probably because an oxide of 
platinum is produced. There is no evidence for the existence in 
water of oxygen ions, O"'; if any are formed they immediately 
combine with water: 0"+ILp->20H'. The results of such 
measurements are as follows cm the standard hydrogen scale: 

Element Ion Potential (volts), 

25^ G. 


F2 (i atm.) 

F' 

-f2-85 

CI2 (i atm.) 

cr 

+ 1-.358 

Br, ( 1 ) 

Br' 


(s) 

I' 

0-535 

O2 (i atm.) 

OH' 

4 0-400 
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The Effect of Ionic Transport on E.M.F. — We may now consider 
the effect of ionic transport upon the E.M.F. of a concentration cell, 
i.e. the effect of omitting the ' carrier ' salt mentioned in a preceding 
paragraph. In Chapter IV we found that when one gram-atom of a 
metal dissolved off the anode and one gram-atom was deposited on 
the cathode, there look place at the same time a movement of the 
ions through the solution. Did no such movement take place, 
the result of the passage of the current would be to add one gram- 
ion to the anode compartment and remove one gram-ion from the 
cathode compartment; but on account of the movement of the 
ions the anode compartment gains only gram-ions of the cation, 
where is the transport number of the anion, and the cathode 
compartment loses only 7 ',, gram-ions of the cation. The same 
considerations apply to the anion, so that the total transference of 
electrolyte from one solution to the other, when one {jram-atom of 
the metal is dissolved from the anode and deposited on the cathode, 
is not one gram-molecule but 2?^ gram-molecules. The value of Ej 

(p. 251) is therefore not log but /i.,+ 27 fl.^^^.log— . 

Determination of Transport Numbers. — Consider two cells used 
in series, thus: 

Calomel electrode-hydrogen electrode working in HCl cone. Q 

connected to 

Hydrogen electrode-calomel electrode working in HCl cone. C, 



Calomel Bridge Hydrogen Hydrogen Bridge Calomel 

Electrode Solution Electrode Electrode Solution Electrode 


Fig. 82. Double Cell for Determination of Transport Numbers 


The two hydrogen electrodes are electrically connected, and when 
a faraday of electricity passes round the circuit, one gram-molecule 
of hydrogen chloride is moved from one solution to the other. The 
E.M.F. of the combination can without difficulty be seen to be 


2Rr 

F 


•i * 


Now the E.M.F. of an ordinary hydrochloric acid 
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concentration cell, consisting of two hydrogen electrodes in hydro- 
chloric acid of concentration C, and C2, has been shown above to be 

where 7 „ is the transport number of the chloride ion. 

The value of is therefore equal to The 

^ E.M.h. of double cell 


value of the transport number of the hydrogen ion in this solution 
can be obtained by subtracting Ta from i, or by experiments with 
concentration ceUs of similar type but slightly different constitution. 
This is the most accurate method available for the determination 
of transport numbers, and the results are in excellent agreement 
with those of the Hittorf and moving-boundary methods, but 
suitable cells cannot always be found for the experiments. 

The Liquid Junction Potential. — A simple kinetic ex})lanation can 
be given of the origin of the potential difleience between two 
solutions of the same electrolyte at different concentrations. The 
electrolyte tends to travel from the more concentrated to the more 
dilute solution, but if the mobilities of the ions are different the 
more rapid ion (whether cation or anion) will tend to leave the slower 
ion behind. Since they are oppositely charged, this causes a 
potential diffen'uce which quickly reaches an equilibrium value. 
This potential difference will not exist for electrolytes whose ions 
have almost equal transport numbers, e.g. potassium chloride. 

E.M.F. and Chemical Affinity. — Having made some examination 
of these systems from the electrical point of view, we may develop 
the relation between the E.M.F. of a cell and the chemical athiiity 
of the reaction taking place in it. We have already pointed out 
that when the E.M.F. of a reversible cell is measured with a poten- 
tiometer the process is carried out with the production of the 
maximum work. Electrical work is measured in joules or volt- 
coulombs, and is easily calculated in these units by multiplying 
the number of coulombs that have traversed the circuit by the 
E.M.F. in volts. In electrochemical calculations the faraday is 
more often used than the coulomb; it is the charge required to 
deposit a gram-ion of a univalent metal from its solutions and (as 
mentioned above) is equal to 96,490 coulombs. The electrical 
work required is then 96,490 E, or FE, as it is generally written. 
If the metal is valent llie work required per gram-atom is nFE. 
The numerical result will be in joules. To convert it to calorics 
we must divide by 4-18, since i calorie— 4-18 joules. 

It was at one time supposed that the electrical energy which 
could be obtained from a cell, if converted to calories, would exactly 
equal the heat liberated in the cell reaction when this was allowed 
to take place freely in a calorimeter. That this idea is erroneous 
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can be shown from the fact that endothermic reactions can be 
made to liberate electrical energy. This view should be compared 
with the very similar and equally false opinion that the affinity 
of a reaction could be exactly measured by the heat which it 
evolved. The electrical theory appeared, however, to be strongly 
supported by measurements on the Daniell cell. The E.M.F. of 
this cell is i-io volts, so the electrical work obtained from the reaction 

Zn+CuSO^^Cu-l ZnSO„ 
or, as we should now write it: 


Zn+Cu’'->Cu f Zn**, 


is 


1*10x96,490x2 

^•i8 


=50,800 calories. 


Now the evolution of heat 


when tins reaction is carried out in a calorimeter is 50,100 calories, 
so the two values are in fair agreement. 

Once it is understood that the free energy change is a measure 
of the affinity of the reaction it becomes obvious that this agreement 
is fortuitous. From the GiBns-HELMnoJ.TZ equation (Chapter VII, 

p. 235) it is known that G— H—JY J , where G is the affinity and 

H the heat absorbed when the reaction takes place freely at constant 
pressure. Now G- —nFE and -- 11 — wdiere is the heat 
liberated in a calorimeter. So that: 


q^-nFE 


.MnFE) 
dT ’ 


or n 






If this equation is to be correct for the Daniell cell, in which q^ is 

very nearly equal to nFE, the term nF 7 '^ must be very small, and 

the E.M.F. must have an exceedingly small temperature-coefficient. 
Experiments on the Daniell cell show this prediction to be correct. 
Since the temperature-coefficient of E.M.F. of most cells is fairly 
small, G is often nearly equal to the heat developed in the chemical 
reaction. A reversible cell is therefore a highly efficient machine 
for turning chemical energy into work. If the energy derived 
from the reaction C4-O2— COg by burning coal in boilers could 
be converted into electricity in a suitable cell, the efficiency of the 
process could be trebled; but unfortunately no such cell is known 
and all efforts to construct one have failed. 

Calculations of Equilibrium-constants.— From E.IVT.F. measure- 
ments we can calculate the affinity of a reaction, licnce the 
concentrations at which the affinity is equal to zero — that is, the 
equilibrium concentrations -- and consequently the equilibrium- 
constant. Our first illustration of the process will be the calculation 
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of the ionic product of water from measurements of E.M.F. If 
hydrogen electrodes in molar hydrochloric acid and molar 
caustic soda are connected to form a cell, and a correction is applied 
for the potential difference at the liquid junction, the E.M.F. is 
found to be o-8i volt at i8° C. The electrical work of the cell is 

therefore calories =i8,6qo calories. Now the cell 

4*i8 ^ 

reaction is simply the combination of hydrogen and hydroxyl ions 
to form water: H'+OH'^-HgO, and from our experimental data 
we shall be able to calculate the equilibrium-constant of this 
reaction, which is usually written m the form [H'] I OH'] - /Cw- 
The connection between the aflinity of this reaction and its equi- 
librium-constant is given by 

G=-R'l log 

The extent of the dissociation of water is so small that, when it has 
occurred, the water has not changed appreciably from its standard 
state. Hence : 

G= — RT logc /^w* 

log,„/!:w-= — = — I 4 -I or [H'J [OH'] = io-‘“*, 

I-98X29IXloge 10 ^ L J L J 

a result in excellent agreement with other methods. 

The table of standard electrode potentials on p. 254 can now be 
put to good use. It is immediately obvious from the table which 
metal will displace another from a molar solution of its ions. 'J'hese 
proces.ses, however, are never complete (though they are often so 
nearly complete as to evade chemical tests), thus the equilibrium 
concentrations can only be calculated from a study of the affinity. 
The copper-zinc equilibrium, Cu”-{-Zn^Zn”-f Cu, may be examined 
ill this way. It is the reaction which takes place in a Daniell cell, 

and the equilibrium-constant is Now the E.M.F. of 

a Daniell cell when the copper sulphate and zinc sulphate are in 

approximately equimolecular concentrations is i*io volts (i.e. 

. r .u ui X ..u 1 X • 1 1 ■ 1-10x96,490x2 

0-34-1-076, see table), so the electncal work is -■ — 

calories=5o,8oo calories. Adopting our previous notation: 


-50,800= -Jir log .j 

or It will readily be understood that for all 

practical purposes — such as those of analysis — copper is ' com- 
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pletely * precipitated from its solutions by zinc. It is equally 
obvious from consideration of the smaller tabic of electrode 
potentials for anions that chlorine will displace bromine and iodine 
from their salts. 

Oxidation-reduction Potentials. — The theoretical treatment may 
now be extended to metals whose ions have more than one valency. 
Such elements are capable of acting as oxidizing or reducing agents, 
since the terms oxidation or reduction when applied to ions simply 
mean the removal or addition of electrons. Thus when a ferric 
ion takes up an (‘lectron it becomes a ferrous ion, and when a 
stannic ion takes u]) two electrons it becomes a stannous ion: 

-|-cle('tron-^h>‘’ and Sn“'’-i 2 electrons-^Sn”. 

Consider an iron electrode in equilibrium with a solution containing 
both ferrous and ferric ions. Three changes are possible: 

(i) Fe->Fe‘' -(-2 electrons, (li) Fe->h'c”’ d 3 electrons. 

(iii) Fe”*-]- election ~vFe”. 

At equilibrium the tendeiudes of these changes to take place must 
all be equal (or zero; tlie two statements are indistinguishable), 
and can be ex])ressed as jiotentials: in terms of some standard 
electrode jiotential call them E, E' , and E". Now 


and 


RT 


Multiply the first equation bv 2 and the second by 3 and subtract, 
then 3/1'-- 27i- 3E0' — 2/iQ F'^ .logj^^^^ Since E^E' ^E\ we 

have that E =--:constant-f ^ .log ==-say Eo + jrdog^-p^.-.j. 

The value of is called the standard oxidation-reduction potential 
of th^ .system Fi*’" +electron ^ ^Fe”. When the ditlerencc between 
the charges of the ions is n, the expression takes the form: 

E^=-E,'-l-ll.log^ 


By the use of suitable cells these equilibria can be investigated. 
Consider, for example, a standard hydrogen electrode in combina- 
tion with an electrode consisting of a noble metal such as gold or 
platinum (i.c. a metal that has a negligible tendency to emit 
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ions into the solution) dipping in a solution containing a concen- 
tration Cj of stannous and a concentration Cg of stannic ions. 
The reaction in the tin solution is Sn‘ ‘ + 2 elcctrons->Sn’', and the 
electrons required are liberated at the hydrogen electrode by the 
change H2->2H’-f-2 electrons. Since the potential of the standard 
hydrogen electrode is taken as zero, the hl.M.F. of the cell is given 



Fig. 83. Celi foi< Investigating the Stannous-Stannic Ion 
Equilibrium 

by the equation = /r,/4-^^-log The change Sn ‘“-|-2 elec- 

trons-^Sn ' may be compared with the very similar cliange 
Cu"-|-2 elect rons-^Cii. which gives rise to a potential which we 

RT 

have seen tf» be _-loga|. The following are some standard 

2 r 

oxidation-reduction potentials, all relerred to the standard hydrogen 
electrode as zero. A positive sign means (for instance) that a 
molar solution of ferric ions is more easily reduced to ferrous ions 
than a molar solution of an acid is reduced to hydiogen. It should 
thus be impossible to liberate hydrogen from a solution of feme 
ions in normal acid without first converting nearly all the iion to 
the ferrous condition. 


Ion couple 

Potential 

(voliii) 

Co' "/Co” 

+ 1*82 

Ce ‘‘“/Ce/'* 

4 1-55 

TF'/Tr 

+ T-25 

Fe* 7 hV 

d 077 

TiO"/Ti*- 

-fo-io 

V"7V 

-0-25 

Cr”'/Cr' 

— 0-41 
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Allotropy. — An ingenious application of the theory of electrode 
potentials has been made to the study of allotropy. It has already 
been stated that tin exists in two allotropic forms, grey and white 
tin, whose rate of transformation is exceedingly slow at ordinary 
temperatures. This makes it very difficult to determine the trans- 
ition temperature with any accuracy. If two electrodes, one of 
grey tin and one of white tin, are placed in the .same solution, at 
a temperature at which they are not in equilibrium, a potential 
difference will be established between them corresponding with 
the affinity at that temperature ol the reaction: grey tm-^white tin. 
This can be verified experimentally, and by varying the temperature 
ot the cell a temperature can be found at which the E.M.F. changes 
sign — i.e. has zero value — and this must be the* transition 
temperature (13° C.). 

Solubility of Slightly Soluble Salts.— J^y E.M.F. measurements it 
IS also possible to determine the solubility of slightly soluble salts. 
Consider the cell: 

Silver electrode in I Bridge ! Silver electrode in a saturated solution 

M /1 00 silver nitrate | solution , ot silver chloride in M/ioo potassium 
' ' chloride 


This IS a concentration cell for silver, li the concentration of 
silver ions in the left-hand solution is put at 0*01 and in the right- 

. r. .. . r-. RT , 0*01 , ....... 


hand solution at TAg’J. we have E- 


[AgT 


can be calculated when E has been measured. Now the concentra- 


tion of chloride ions in the right-hand solution can safely be put at 
0*01, so [Ag'J [CF] can be calculated: this is the solubility-product 
of silver chloride, and is equal tc» the square of the solubility 
(Chapter VI, j). i8q). 

Complex Ions.— The E.M.F'. method is one ot the best available 


for the investigation of cornp)lex ions (Chapter VI, p. 197). Thus 
the cell: 


Silver electrode in 1 Bridge | Silver electrode in a solution M/io in 
M/10 silver nitrate 1 solution ! silver nitrate and M/5 in ammonia 

can be used to find the silver ion concentration in the right-hand 
solution by the method already explained. This concentration 
will be found very small, on account of the formation of the complex 
ion Ag.2NH3'. The formula of this complex and its dissociation- 
constant can be elucidated by a series of similar determinations. 
This is an example of how the electrode potential may be affected 
by the addition of a substance capable of producing a complex 
ion and thereby reducing the concentration of the ion with respect 
to which the electrode is reversible. If a concentrated solution 
of potassium cyanide is added to the copper sulphate solution of 
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a Daniell cell, the E.M.F. can be made actually to change its direc- 
tion We have shown a little way back that this will happen 

when is about lo^®. The copper cyanide complex ion leaves 

so minute a concentration of cupric ions in the solution that this 
ratio IS exceeded. 

Hydrogen Ion Concentration. — From the examples we have given 
it will be obvious that by measurements of E.M.F. we can determine 
ionic concentrations. The peculiar advantage of the method is 
its application to very low ionic concentrations — so low indeed as 
to be altogether inaccessible to chemical tests. In recent years 
the determination of hydrogen ion concentrations with the hydrogen 
electrode has received great attention and has become important 
in many branches of industry. Hydrogen at standard pressure is 
simply bubbled through a platinum cylinder in the liquid under 
investigation, which is connected by a bridge solution with a 
standard electrode, and the E.M.F. measured. For every unit 
increase in the value of the solution the E.M.F. rise‘s bv 
Rl 

p loge 10=0-059 volt at 25" C. The hydrolysis of a salt solution 

can readily be calculated by such measurements. When the degree 
of hydrolysis is very small, as it often is, this is probably the best 
method available. The use of the hydrogen electrode in polentio- 
metric titrations will be discussed shortly. 

Determination of Valency. — The concentration-cell formula 
RT C 

-.log can be u.sed to determine the value of n, that is, the 
nF Cj. 

valency of an ion. This is very seldom necessary, but one or two 
doubtful cases do exist, such as the mercurous ion. For reasons 
which will be found summarized on p. 509 it is believed that this 
ion is not Hg‘ but Hgg”. The question can be settled by measuring 
the E.M.F. of a concentration cell of, say, mercurous nitrate with 
mercury electrodes. Ogg, by whom these experiments were 
carried out, found that the E.M.F, was represented by the formula 
RT C RT C 

E=— --log^L not Zi=- .log^, from which it follows that the 
2 F C 2 F O2 

mercurous ion is Hgg . Mercury is therefore not univalent in the.se 
ions, which are best regarded as complexes produced by combination 
between a mercuric ion and an atom of mercury: Hg' +Hg-^Hgg' . 

Summary of Applications. — At this stage it will be as well to 
recapitulate the chemical applications of E.M.F. measurements 
which we have shortly discussed: 

(i) Investigation of the equilibnum between a metal and its 
ions. 


E= 
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(ii) Determination of transport numbers. 

(iii) Determination of the ionic product of water. 

(iv) Investigation of the equilibrium between different ions — 
e.g. Cu’ and Zn" or Cl' and T. 

(v) Investigation of the equilibrium between different ions of 
the same metal. 

(vi) Investigation of the equilibrium between allotropic forms 
of the same metal. 

(vii) Measurement of the solubility of slightly soluble salts. 

(viii) Determination ot the constitution and dissociation-constant 

of complex ions. 

(ix) Measurement of hydrogen ion concentration and hence of 
hydrolysis. 

(x) Determination of the valency of 10ns. 

Electrical Methods in Analysis: Electrometric Titration.- Electro- 
metric methods of titration are to-day well established. It has 
already been pointed out (Chapter VI, p. 206) that in the titration 
of a strong acid witfi a strong base the hydrogen ion concentration 
suddenly changes at the end-point. 

It is this whicti causes an indicator to 
change colour, but it can equally well 
be detected by the sudden jump in the 
potential of a hydrogen electrode im- 
mersed in the liquid. The diagram 
shows the change in the potential of a 
hydrogen electrode connected to a 
standard electrode when a strong acid is 
added to 25 c.c. of a strong base of equal 
concentration. It should be compared 
with the neutralization diagram‘s on 
p. 207. The E.M.F. is measured in the 
ordinary way with a potentiometer. 

The great advantage of the method 
is that it can be applied to strongly 
coloured solutions in which an ordinary indicator would be useless, 
and it is already much used in industry and in biochemistry. In 
some recent types of apparatus designed for use in works laboratories 
the titration has been made automatic. When the E.M.P'. reaches 
a certain value it works a relay which stops the flow of liquid from 
the burette, and the operator has merely to record the burette 
readings ; hence unskilled labour may be used. Electrometric titra- 
tion has been applied to many other reactions besides neutralization, 
but we cannot discuss such methods here. 



Fig. 84 Electrometric 
Titration 
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Conductivity Titration.— Conductivity titration methods, though 
different in principle, can conveniently be discussed here. It is 

obvious that during titra- 
tion the specific conduc- 
tivity of a liquid will 
undergo changes, and 
further consideration will 
show that a sharp break 
will be found in the curve 
connecting conductivity 
and composition at the 
end-pomt. If, forcxample, 
concentrated hydro- 
chloric acid is slowdy 
added to dilute caustic 
soda, hydroxyl ions are 
removed from the solution 
and chlorine ions are 
added to it. Since the 
Fig 85. Conductivity Titration Sirong hydroxyl ion has a much 
Base and Strong Acid greater mobility than the 

chlorine ion (or indeed 
than any other ion except the hydrogen ion), the conductivity 
falls until the whole of the base has been neutralized (point A 
in Fig. 85). Further 
addition of acid then f 
rapidly raises the ^ 
conductivity. By plot- * > 
ting the conductivity 
of the solution against 
the volume of acid § 
added, the position of the ^ 
break in the curve, and ^ 
hence the end-point, 'o 
can be observed. It pu, 
is not necessary actu- ^ 
ally to determine the I 
specific conductivity at 
the end - point, for if 
a number of determin- Fig 86. Conductivity Titration. Strong 
ations are made on each Base and Weak Acid 

straight line the point 

of intersection can be accurately hmnd by a graphical method. 
Fig. 86 shows the type of diagram obtained with a sirong base and 
weak acid. 
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Similar considerations apply to precipitation reactions, such as 
the estimation of barium chloride with standard sodium sulphate. 
As the conductivity of a solution of a sodium salt is less than that 
of an equivalent solution of the same salt of barium, the conductivity 
sinks till it reaches a minimum at the end-point, when it begins to rise 
(Fig. 87). The flattening at the end-point is due to the slight solubility 
of the precipitate; a per- 
fectly insoluble substance 
would give a sharp break. 

The advantages of the 
conductivity method over 
titration with indicators 
are that it can be used 
with coloured solutions, 
for the titration of weak 
acids with weak bases, and 
for many titrations for 
which no indicator method 
has yet been devised — e.g. 
acetates can be titrated 
with strong acids to the 
end-point of the reaction 
CHg.COO'd-H' ->CH3.C00H, and ammonium salts with a strong 
base to the end-point of the reaction NH4'“>NHy+H\ On the 
other hand the temperature of the titration mixture must be k(‘pt 
approximately constant, the added reagent mu.st be very concen- 
trated compaied with the other (to avoid diluting the solution), 
and careful consideration must be given to the mobilities of the ions 
concerned in precipitation titrations befoic the experiment can be 
successfully carried out. 

The conductivity method of titration was first .suggested by 
Kohluauscu, the discoverer of the law of independent mobility 
of ions. 

Gravimetric Analysis* — Electrical methods were used in gravi- 
metric analysis before they were introduced into volumetric 
analysis. A consideration of the table of electrode potentials 
on p. 254 shows that it should be possible to precipitate 
copper, mercury, and silver from even an acid solution before 
hydrogen is evolved, and this can in fact be done. By weighing 
the cathode before and after the pas.sage of the current, the weight 
of metal originally contained in the solution is calculated. Idle 
conclusion that metals with negative potentials on the hydro- 
gen scale cannot be deposited from solution is, however, by no 
means always justified. While the conditions which make for a 
successful analysis are sometimes very complex and are not always 



Fig. 87. Conductivity T'ttration: 

A I’KECTIirATION Kf.ACTION 
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completely understood, the following general principles may be 
stated: 

1, The evolution of hydrogen may be prevented by reducing the 
hydrogen ion concentration to a sufficiently low figure — i.e, by 
making the solution alkaline — so long as this can be done without 
decreasing the concentration ot the metal ions to an equal degree 
either by precipitation as hydroxide or by complex ion formation. 

2. At certain cathodes hydrogen can be liberated only by a 
voltage much in excess of the theoretical: this ‘hydrogen over- 
voltage ' may be put to account bv choosing a cathode on which tlie 
metal can be deposited but at which hydrogen cannot be liberated. 

3. Provided that the evolution of hydrogen has been successfully 
prevented, metals may be separated — i.e. one can be practically 
completely deposited t)efore the other — if their electrode potentials 
be sufficiently far apart. Since for a bivalent metal the electrode 

RT 

potential changes -^•logei0=o*O29 volt for a tenfold fall in 

concentration, a difference of o-i volt in the standard electrode 
potential corresponds with an approximately thousandfold con- 
centration difference. For successful analysis it is unsafe to rely 
on less than a o*2-volt difference. In electro-analysis the solu- 
tion is usually mechanically stirred to avoid local inequalities of 
concentration. 

4, In spite of this, the deposition of any given metal can nearly 
always be avoided by adding to the solution a salt with which it 
forms a scarcely-dissociated complex ion. Tliis reduces the ionic 
concentration of the metal to a point at which there is no longer 
any tendency for deposition to take place. 

Technical Applications. — In the last forty or fifty years the tech- 
nical applications of electrochemistry have made enormous progress, 
which is still being maintained. We shall very briefly discuss in 
turn: i. Refining; 2. Preparations; 3. Plating; and 4. Accumulators. 

I. Refining , — In refining metals by electrolysis the same prin- 
ciples apply as were discussed under the heading of Gravimetric 
Analysis, viz. the conditions must be so arranged that only the 
desired metal is deposited on the cathode while the impurities 
remain in solution. Generally speaking, electro-refining is profit- 
able only if the pure metal commands a considerably higher price 
than the unrefined product ; thus gold, silver, copper, zinc, and tin 
are all purified in this way. The copper process will serve as an 
example. The anode consists of impure copper, the cathode of the 
pure metal, while the liquid is a solution of copper sulphate in 
dilute sulphuric acid to which are added small quantities of other 
substances which are found to improve the smoothness of the 
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deposit on the cathode. When the current is applied, copper 
dissolves off the anode and is deposited on the cathode at an equal 
rate. Impurities less ‘ noble ’ than copper remain in the solution, 
which must therefore be renewed from time to time, while insoluble 
impurities or noble metals like silver or gold do not enter the solu- 
tion at all, but fall from the anode in a slimy state. This anode 
slime is collected and worked up for the precious metals. The 
product of the refining process contains about 99*98 per cent 
of copper. 

2. Preparations . — The electrolytic method is invaluable tor the 
preparation of metals whose oxides can only be reduced, if at all, 
with very great difficulty bv the ordinary methods of chemistry. 
Since the electrode potentials of these metals are usually so low 
that they cannot be deposited from even the most concentrated 
aqueous solutions of their salts, the process is carried out in the 
fused compound and in the absence of water. Sodium, potassium, 
magnesium, calcium, and aluminium are all prepared on the com- 
mercial scale by the electrolysis of their fused compounds, as 
described later under these metals. 

Alloys are sometimes manufactured by depositing the constituents 
simultaneously from a mixed solution of their salts, and amalgams 
required in the laboratory are often prepared by electrolysing a 
solution of the salt of the metal with a mercury cathode. 

If the aqueous solution of a salt of sodium or potassium is elec- 
trolysed, hydrogen is liberated at the cathode, leaving hydroxyl 
ions in the solution. The electrolysis of brine (as solutions of sodium 
chloride are called) therefore produces hydrogen and a solution 
of caustic soda at the cathode, and chlorine at the anode, and 
is used on a very large scale for this purpose. Since chlorine 
reacts with caustic soda, the anode and cathode liquids must 
be separated by a porous diaphragm or by some other device 
for preventing diffusion from one to the other. The cells designed 
for this purpose are described under the heading Sodium. If the 
electrolyte is allowed to mix, hypochlorite, chlorate, and perchlorate 
can all be prepared under suitable conditions. 

The electrolysis of sodium hydroxide solution is used for the 
commercial preparation of hydrogen and oxygen. The greatest 
advantage of the process is the high degree of purity of the gases. 
In the laboratory the purest possible hydrogen is made by the 
electrolysis of baryta solutions — ^since barium carbonate is insoluble 
no carbon dioxide can be present in the solution. 

Reduction and oxidation processes at the electrodes are also put 
to use both m laboratory and works practice. For successful 
operation it is usually necessary to choose an electrode with a 
sufficiently high over-voltage for hydrogen or oxygen, as the case 
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may be, to prevent the evolution of gas, and the process is then 
similar to the well-known uses of ‘ nascent ' hydrogen. The 
catalytic effect of the electrodes and the current density (the 
current divided by the area of the electrode immersed in the 
electrolyte) are also important factors. As an example of a reduc- 
tion process we may quote the production of good yields of either 
azobenzene (CgHg.Ng.CgHs) or hydrazobenzene (C^H^.NH.NH.CgHg) 
from nitrobenzene (CeHs.NO-J. By electrolytic oxidation it is 
possible to prepare substances which, so far as is known, can be 
made in no other way. Thus persulphuric acid, HjS-^Oa, is made by 
the electrolysis at a low temperature of fairly concentrated sulphuric 
acid at a smooth platinum anode that has a high oxygen over- 
voltage. The liberation of oxygen is thus avoided and the sulphate 
ions combine to form j)ersulphate ions: 2S04"->So08"-|-2 electrons. 
Since the.se ions would be reduced at the cathode, the electrodes 
must be separated by a diaphragm. 

7 'lie very active element fluorine, which instantly decomposes 
water, was first prepared by MoisSan by the electrolysis of a 
fluoride dissolved in anhydrous hydrogen fluoride, and electrolysis 
is still the only practicable method of preparing the gas. In 1927 
an oxide of fluorine, was prepared for the first time by the 
electrolysis of potassium hydrogen fluoride in the presence of a 
little water, and m 1929 the electrolysis of ammonium hydrogen 
fluoride yielded the hitherto unknown nitrogen trifluoride, NF3. 

3. Plating. — This can sometimes be carried out by the immersion 
of the object to be plated in a suitable solution, but the process is 
usually assisted by making the object the cathode and passing a 
current. In order to get a smooth coherent deposit the surface 
must be very clean and the metal depo.sited from a solution in 
which the concentration of its ions is very low. I'his can be 
effected by adding a salt which forms a complex with the plating 
ion and lowers its concentration — e.g. copper-plating baths usually 
contain cyanides. X-ray examination of cathode deposits has 
shown them to consist of a mass of small crystals of the metal. 
If the deposit is made from a solution in which the metal ion has 
a high concentration, the crystals tend to set with one of their 
faces parallel to the surface of the cathode, while if the metal 
ion concentration is reduced by the addition of a complex-forming 
electrolyte, the arrangement of the crystals is haphazard. This 
haphazard ariangement imparts mechanical strength and hardness 
to the deposit and increases its resistance to abrasion. 

Iron can be plated with zinc to protect it against corrosion 
either by dipping it in the molten metal or by electrolysis, which 
gives a better protection; the product is popularly called 
‘ galvanized iron.' In the same way silver mirrors can be pro- 
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tccted tigainst tarnishing by atmospheric hydrogen sulphide by 
covering them with a thin electrolytic deposit of rhodium. Table- 
ware, jewellery, and ornamental objects are plated with gold or 
silver by an electrolytic process, and metal fittings are now very 
commonly plated with chromium or cadmium to preserve their 
polish. 

Some books are printed from electroplates. A wax impression 
or negative is made of the ordinary type and is covcied with 
graphite to render its surface conducting. This surface is then 
copper-plated until a thick enough plate has been produced, which 
can be detached from the wax by melting off the latter. Printing 
is then done from the copper plate, so that the original type can 
be used again without loss of time. 

4. Accumulators . — When dilute sulphuric acid is electrolysed 
between lead electrodes, lead dioxide is formed as a brown deposit 
on the anode by electrolytic oxidation : 

Pb-f2lL^O-~4 elect rons-^PbOg + 4H ‘ . 

The action is n'versible, and is the basis of the lead accumulator, 
still the most widely used method of storing electrical energy. 

If sheet lead is used for the jilates they soon become covered, 
during electrolysis, by a deposit of lead dioxide which prevents 
any further action. They are therefore made in the form of a 
grid with bevelled edges, and the spaces are filled with a prepara- 
tion of red lead, Pb304. This allows the electrolyte to penetrate 
the electrode, and during charging the anode becomes thickly 
covered with the dioxide, while spongy lead is produced by reduction 
at the cathode. 

On discharge, while the accumulator is being used to supply 
current, the following actions take place: 

At the anode: PbOo-f H3SO^-|-2H*“l-2 electrons->'PbS04-P2H20. 

At the cathode Pb-f-S04"->PbS04-|-2 electrons. 

During the charging proce.ss the op})osite actions take place. Since 
lead sulphate is almost insoluble, the concentration of lead ions in 
the solution is always very small. If chlorides are present in the 
electrolyte, chlorine is set free during cliarging and this attacks 
the lead plates: loss of water by evaporation must therefore be 
made good with distilled water, not tap-water. 

The Edison accumulator depends on the reaction 

Fe-f2Ni(OH).,->Fe(OH)2+2Ni(OH)2 
that takes place on discharge, and is reversed when the accumulator 
is charged. The positive plate is covered with nickelic hydroxide, 
Ni(OH)3, while the negative plate is covered with finely-divided 
iron, and the electrolyte is 20 per cent caustic potash with a little 
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lithium hydroxide. This accumulator bears mechanical shock 
and abrupt changes of load better than the lead accumulator, but 
the ratio ot energy-capacity to weight is less favourable. 

Reactions in the Electric Discharge. — Electric discharges of 
various types are also much used in the preparation of gases, both 
on a laboratory and on a technical scale, e.g. in ozonizers. The 
principal object of the use of an electric arc in the synthesis of 
nitric oxide was to reach a very high temperature, but specifically 
electrical effects come into play, and the yields obtained are in 
excess of those that a study of the thermal equilibrium would lead 
one to expect. The conception of temyierature depends on the 
view that the molecules of a gas lose or gam energy only by col- 
lision; on this basis the probability of the energy posse.ssed by 
a molecule exceeding any given value can be calculated, and the 
calculations aie in general agreement with the temperature- 
coefficient ot the velocity of chemical change. But in the erectric 
discharge or the electric arc some of the molecules are ionized 
and consequently accelerated by the electrical force acting on 
them, so that no precise temperature can be assigned to gases 
under these conditions, nor is it reasonable to expect thermal 
equilibrium to be reached. Later on we shall describe more than 
one type of electric furnace — e.g. the phosphorus furnace or the 
carborundum furnace, but the function of the current in these 
furnaces is not electrolytic: it is used simply as a source of heat 
by passing a very large current through a high resistance. 


Photochemistky 

This branch of chemistry deals with the connection between 
chemical processes and the emission or absorption of light. It will 
be convenient to draw an immediate distinction between (i) chemical 
processes which emit light and (2) chemical processes which are 
affected bv the light falling on the system. 

I. Chemical Processes which emit Light . — The heal developed in 
a chemical reaction (such as an explosion) is often sufficient to raise 
the reacting substances to incjindesccnce, but the light given out 
in this way is merely a conseituence of the high temperature of the 
system and we need not consider it here VVe are more concerned 
with the various kinds of light emission (called luminescence, 
phosphorescence, or fluorescence) which take place at comparatively 
low temperatures. The theory of luminescence (and indeed of 
photochemistry in general) is still imperfectly developed, and no 
general explanation of these phenomena is available. A few 
common examples of their occurrence may suffice as an illustration. 
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Decomposing organic matter sometimes shines in the dark (and 
of course in the light as well, though the shine is then less easily 
seen), and the light emitted by certain insects (fire-flies, glow-worms) 
and marine protozoa (the so-called ' phosphorescence ' of the sea) 
is probably due to chemical reaction. When concentrated ammonia 
is acted on by chlorine gas to form nitrogen and ammonium chloride, 
a bright red flash is visible, especially in a darkened room. The 
feeble light emitted during the slow oxidation of phosphorus is 
well known, and is exhibited in a more intense form when a suspen- 
sion of phos])horus in glacial acetic acid is oxidized by hydrogen 
peroxide. It had been known for centuries that calcium sulphide 
gave out light on wanning, but it has only recently been discovered 
that iinjnire calcium sulplnd(i is much more active than the pure 
substaiK'e. Luminous paint, such as is used on watches, contains 
calcium sulphide. When bromine reacts with acetylene a green 
light or ' cold flame ' is visible, and many organic compounds are 
known that can be made to react with luminescence. 

2. Effect of Light on Chennccil Change , — Many reactions take 
place only when light is allowed to fall on the reaction mixture. 
Hydrogen and chlorine combine slowly m diffused daylight and 
with explosion in bright sunlight. A solution of mercuric chloride 
and ammonium oxalate is ])crfectly stable in the dark but deposits 
calomel when illuminated. 

COONH4 

2lIgCl,-f I =Hg.p,+2CO,-b2NH/:i. 

( OONH4 

Some unstable or explosive substances can ]:>e prepared with safety 
only in the dark — e.g. the well-known explosive compound N^Hglg, 
formerly called nitrogen iodide. The most important of all sucli 
reactions are, however, those that go on in the living organism. 
Nearly all plants wither if not sui)plied with light, though a few 
are known — e.g. various fungi — which can grow in the dark, while 
most forms of bacteria are destroyed by light of certain kinds, 
such as the radiation from mercury vapour lamps, a fact which 
has been made use of in water-purilication. The function of the 
grecii colouring matter, chlorophyll, in the leaves of plants is to 
absorb the liglit necessary for the reactions by which the carbon 
dioxide of the air, together with water and other substances drawn 
from the soil, is converted to the very complex organic substances 
that can be detected in the plant. 

The theory of the majority of these processes is unfortunately 
quite uncertain, though in recent years some progress has been 
made towards their elucidation. Leaving on one side as beyond 
the range of this book the reactions that occur in living organisms. 
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we shall find it convenient to divide photochemical processes into 
those whicli under tlie influence of light reach the ordinary or 
so-called ' thermal * equilibrium, and those which reach an 
equilibrium, called the * stationary state,* no longer stable when 
the liglit has been removed. In the first class the light acts as 
a catalyst, and merely accelerates a process that could be reached 
more slowly — perhaps infinitely slowly — in the dark. In the 
second it does work against the chemical forces, and it is as though 
a new variable had been introduced into the system besides the 
temperature and pressure familiar to us. 

Decomposition of Hydrogen Bromide. — As an example of the 
first type we may take the partial decomposition of hydrogen 
bromide into h^^drogen and bromine. It was found in this as in 
all other photochemical reactions that the only effective light was 
the light that the system absorbed, and by a well-know'n law of 
physics, the absorbed wave-lengths are those which the substance 
itself emits when in an excited state. It should perhaps be added 
that photochemistry deals not only with the wave-lengths of the 
visible spectrum, but also with the very active ultra-violet rays, 
excluding only the infra-red wave-lengths comtirised under the 
term ‘ radiant heat.* The main purpose of the investigation of 
the hydrogen bromi<le decomposition was to find out how the 
amount of decomposition eflected depended on the amount of light 
absorbed. This involves a measurement of the intensity of a certain 
wave-length before and after absorption, always a diflicult matter. 

Law of the Photochemical Equivalent. — Before discussing the 
results we must shortly describe the Law of the Photochemical 
Equivalent introduced by Einstein in 1906. Long before that 
lime it was fairly clear that a certain quantity of light energy was 
absorbed by one of the atoms of the reacting substance, and that 
this atom was thereby raised to a state of activity in which it 
was capable of reactions impossible to it in the unexcited condition. 
The probable nature of this excitation will be clearer after the 
discussion of atomic structure in Chapter X. Einstein connected 
this view with the quantum theory, then recently introduced, 
according to which energy could only be absorbed or emitted in 
definite though very small amounts, or multiples of them, connected 
with the frequency of the absorbed or emitted radiation by the 
equation E^~hv, where E is the encrg5^ v the frequency, and h a 
universal constant (called Planck*s Co 7 istant). He supposed that 
photochemical excitation consisted in the absorption of one of 
these quanta by an atom, which was then capable of reaction, 
d'his theory can be tested as follows. If the frequency of the 
absorbed light and the quantity absorbed are known, it is possible 
to calculate the number of quanta absorbed and to compare it 
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with the number of atoms (or molecules) which have reacted. 
The two numbers should be in approximate agreement. 

ESxperimental Tests. — The first calculations were very disappoint- 
ing. In the combination of hydrogen and chlorine, for example, 
the yield per quantum was about a million molecules of hydrogen 
chloride instead of one. But the new theory gave a great stimulus 
to photochemical research, and in a few years more than one reac- 
tion had been investigated which gave results in promising agree- 
ment with theory. In the hydrogen bromide reaction it appeared 
that almost exactly half a quantum was required per molecule; 
but since half a quantum can, by definition, exist no more than 
half an atom can, it is better to say that one quantum will decompose 
two molecules. This may appear puzzling, but it is possible to 
assume that the quantum absorbed by a hydrogen bromide molecule 
endows it with sufficient energy to convert it to atoms, and that 
the hydrogen atom thereb}^ produced disrupts a second molecule 
without requiring any more light energy. The three steps postu- 
lated arc shown below, and can all be shown to have a positive 
affinity — an important point in the verification of such a hypothesis, 
(i) HBr 1 quaritum->H + Br. (ii) H + HP>r-->I 4+ Br. 

(iii) Br-fBr-^Brg. 

Combination of Hydrogen and Chlorine. — A similar explanation 
(originally sugg(‘sted by Nernst) is now generally believed to 
account for the abnormal yield of the hydrogen chloride syn- 
thesis. In this reaction the chain mechanism begun by the absorp- 
tifm of a (juantum continues much longer: CL+qiiantum-?-Cl-| Cl; 
Cl-f Hj, H+Cl2-^HCL|-Cl, etc. Tlie same idea accounts 
in a convincing way for the anticatalytic effect of oxygen and other 
impurities, which had much puzzled earlier investigators; for the 
o.xygen molecules may be supposed to bring the chains to an end by 
reacting with the free atoms of hydrogen or chlorine which alone 
cause it to continue. The piincipal ditferonce between the photo- 
chemical syntheses of hydrogen bromide and hydrogen chloride is 
that the reaction T^r-hH2 ^HBr-hll has a negative affinity, or, in 
other words, cannot take place, while the reaction Cl-fl-L-^HCl -( H 
taker, place freely. Conseejuent ly the reaction chains in the hydrogen 
chloride system are much longer and the system is tar mure 
sejisitive to light. 

The hydrogen chloride photosynthesis has been the object of an 
immense amount of experimental and theoretical work, and it has 
been established that, for a given pressure of hydrogen, the reaction 
rate is expressible in the form 

d[HCl]^A*/|Cl22» 
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where I is the light intensity. The value of n is unity when the 
pressure of liydrogtni is small, and w=2 when hydrogen is in excess. 
The reaction shows an induction period: that is, some time is 
required before it will start at all. It has been shown that this 
time is necessary for the chlorination of nitrogenous anticatalysts 
introduced into the system as impurities in the gases or from the 
vessel. If their quantity is reduced the reaction starts A^ath a 
shorter induction period. 

In the second type of photochemical reaction the system reaches 
different states of equilibrium in light and in the dark. 1'hus in 
ultra-violet light the hydrocarbon anthracene polymerizes to an 

2 ^ 14^10 ^ 2 K ^^20 

.n nt hraccnc d lan thrriccno 

extent depending on the intensity of the illumination, while in the 
dark the reverse reaction takes place nearly completely. I»y far 
the most important in practice of such reactions are the decomposi- 
tions of the silver halides m jihotography. While much remains 
as yet unexplained, it is possible after many years of research to 
give a general account of the process. 

Photography. — The decomposition of the silver halides is a 
reversible process. When a thin layer of the halide is exposed in 
a high vacuum to a bright light, halogen is lost and a definite photo- 
chemical equilibrium is reached. The residue is probably a solid 
solution of silver in the remaining halide, but if the residue is 
exposed to the action of the halogen in the dark it recovers its 
original condition. The photographic film usually consists of 
particles of silver bromide, with other substances, embedded in 
gelatine, and when exposure to light takes place the minute quan- 
tities of bromine set free combine with the gelatine, so that the 
action is no longer reversible, and when the exposure is over, the 
film contains particles — perhaps only atoms — of silver which do not 
return to their previous state of combination. In all such exposures 
the quantities affected are too small to be directly detected by 
chemical methods, but if the illuminated film is treated with a 
suitable reducing agent, such as pyrogallol, the remaining silver 
halide is reduced to silver most rapidly at the points at which silver 
nuclei are already present, and a visible image is thereby developed, 
and then ' fixed.' It has recently been discovered that minute 
amounts of sulphur-containing compounds, normally present in 
gelatine, exert a special sensitizing action on silver bromide in 
respect to light. Tlie theory has been proposed that small pro- 
portions of silver bromide are converted into silver sulphide, and 
that the light acts only on the biomide in contact with the sulphide, 
which is itself insensitive to light. 



ELECTROCHEMISTRY AND PHOTOCHEMISTRY 275 

From the very brief account we have given of the complicated 
phenomena of photochemistry it should be clear that while Einstein’s 
law offers the best hope of a more adequate understanding of the 
subject, yet further fundamental generalizations will probably be 
necessary before all the difficulties can be dealt with. 
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Our treatment of solutions has hitherto been tacitly conhned to 
homogeneous systems, though it is obvious that all solutions are 
ultimately heterogeneous, since they contain difh'rent kinds of 
molecules. We have, however, excluded such liquids as appear 
turbid or opalescent, and to these wc must now turn our attention. 

The Ultramicroscope. — The most obvdous test of the homogeneity 
of a solution is its optical clarity, but it was early recognized that 
on this matter the evidence of the unaided eye was (pule insufricicnt. 
Freshly-prepared distilled water, which under ordinary conditions 
appears pertcctly transparent, (mii be shown to contain quantities 
of suspended particles, and the same applies to all the liquids used 
in the laboratory. Zsi(;mondy's ultramicroscope is the best in- 
strument for demonstrating this. In the ultramicrosco])e a very 
intense beam of light, concentrated by a lens system troiri an arc. 
is passed through the liquid under examiiKition, and a rnicioscopt' 
is placed with its axis at right angles to the path of the beam. If 
no particles are present except the molecules of the liquid, little (>1 
the incident light is scattered into the microscope, and an eye 
applied to the instrument sees merely a dark field, but if any 
discrete particles arc present they appear as disks of sraticrod Mglit, 
and even to the naked eye the path of the beam through tlie liquid 
is visible if the particles are sufficiently numerous. This method 
originates from the Tyndali. effect, and recalls the appearance 
of a beam of sunliglit streaming through a chink in a shutter into 
the dusty air of a darkened room. It is the best test of the so-called 
homogeneity of a solution — by which we mean the absence of par- 
ticles of more than molecular dimensions -but in practice it is 
complicated by the difficulty of preparing even pure liquids in 
so dust-free a condition that they do not show the effect. Some 
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liquids can be Ireed troin dust by carrying out a precipitation in 
them in a closed vessel; the dust particles are usually carried down 
with the precipitate in a way that we shall shortly investigate 
more closely, leaving the body of the liquid clear, but with othei 
liquids this is impossible. Thus ferric chloride solutions are never 
optically clear, for the colloidal feme hydroxide formed by hydro- 
lysis IS always visible under the ultramicroscopc. 

Classification of Colloidal Systems.— With the help of the ultra- 
microscope extended investigations have been made of colloidal 
solutions in whicli the solute particles vary in size between the 
molecules or ions of a true solution and comparatively large 
particles such as those present in rapidly-settling suspensions. 
There is, however, a large variety of heterogeneous systems which 
must be investigated by other methods. Beyond giving an example 
or two of each we shall not be able to discuss them here. The 
particles are called the disperse phase, the medium is called the 
dispersion medium. 


Dtsper.^wn 

Dihperst 


Medium 

Phase 

Blxample 

Solid 

Solid 

Liquid 

Cias 

Many coloured glasses (e.g 'ruby' g 
coloured by dispersed copper) 

Crvstals with liquid inclusions 
'Solid foams' 

Liquid 

Solid 

Liquid 

Ga55 

Sols (bydrosols) : will be further discussed 
Hinulsion.s (e.g oils dispersed in water) 
P'oams 

Gas 

Solid 

LiiUiid 

Smoke 

Mist 


Size of Colloid Particles. - Before alluding to Pkrrin's work on 
the kinetic properties of colloidal solutions we shall do well to fix 
our ideas by making some estimate of the size of the particles in 
such solutions with relation to {a) molecular dimensions, and 
{b) particles visible in an ordinary microscope. The diameter of 
the hydrogen molecule is of the order of I0’“ cm., while large 
molecules of well-defined compounds may have diameters up to, 
say, 10"’ cm. At 5x10*’ cm. it is possible to detect colloidal 
particles with the ultramicroscope. The smallest body visible in 
an ordinary microscope has a diameter of about cm., and there 
IS no hope of reducing this limit much farther, because the wave- 
length of light is about 5Xio~** cm. and bfidies much smaller 
than this cannot be visible in the ordinary sense. It is, however, 
still possible to detect their presence in the ultramicroscope as 
disks of light, though no direct estimate of their size, shape, or 
colour can be obtained in this way. As regards their properties 
in solution there is in fact an insensible gradation l)etween particles 
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visible to the naked eye and molecules, and it is ot great importance 
to realize this fact. The dimensions of what are generally described 
as colloid particles lie between about lo”^ cm. and something 
below iO“’ cm. 

The Brownian Movement. — A particle as large as lo""* cm., if 
suspended in a liquid and observed in a microscope, is seen to be 
in continual motion. This was first noticed by the botanist Bkown 
in 1827, and is called the Brownian movement after him; the quan- 
titative explanation of the phenomenon has been one of the triumphs 
ol the kinetic theory It was at first supposed that the motion 
was due to convection currents in the liquid, but careful experiments 
showed that this opinion was untenable. The motion is, in fact, 
thermal agitation of exactly the same nature as the thermal agita- 
tion of the molecules of a gas discussed m Chapter 11 , The lirst 
successful investigation of the Brownian movement was due to 
Perrin, and the student cannot do better than read his book Les 
A tomes, which has been translated into English. 

Perrin’s Experiments. — For (piantitative measurements it is 
obviously desirable to have a suspension in which all the particles 
are of equal or nearly equal size and weight. Perrin used emulsions 
of gamboge and mastic in water, and sorted them out by a laborious 
process of fractional centrifuging. Since the particles are denser 
than water, if the emulsion is centrifuged in a long tube they tend 
to congregate at the outside or rapidly moving end and to leave 
the stationary end. Nevertheless the Brownian movement of the 
particles counteracts this to a degree depending on the diameter 
of the particle, for small ones move much faster under the influence 
of the Brownian movement than large ones, so that a gradient is 
set up along the tube in two ways: (i) particles of all diameters are 
more numerous at the outside end; (ii) the average diameter of the 
particle increases from the stationary to the outside end. By 
discarding all particles except those in a certain piirt of the tube, 
and by continually repeating the separation, Perrin was able to 
obtain a small quantity of an emulsion containing grains of very 
nearly equal diameter, about 4x10“® cm., or rather larger than 
most colloidal particles. The density of the grains was measured 
without difficulty by the usual methods, since for this purpose a 
large number of grains can be used; but for the measurement of 
the diameter special methods had to be devised, as the grains were 
near the limit of microscopic visibility. Perrin found that they 
could be made to settle on glass in straight rows, whose length 
could be determined with fair accuracy. By counting the number 
of particles in a row the diameter of each was calculated, and this 
was checked by methods which we need not describe Having 
prepared in this way an emulsion in which all the grains were of 
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equal and known size and weight, Perrin studied the vertical 
distribution of the grains by focusing a microscope on different 
horizontal layers of the liquid and counting the number of particles 
visible in the field. In this way he was able to find out with 
considerable accuracy the extent to which the lower layers of liquid 
were richer in grains than the upper layers. 

The causes of this concentration gradient are precisely similar 
to those prevailing in the tube of the centrifuge, since the centri- 
fugal force is replaced by gravity, but in this case the particles are 
all equal in diameter and there is no dilfercnce between the av^erage 
size of the particles m the top and bottom layers. It is obvious 
that if the kinetic theory is correct — that is to say, if the Brownian 
movement of the grains is due simply to bombardment by solvent 
molecules — the particles, though heavier than water, will never 
come to rest on the bottom of the vessel, but will set up a concen- 
tration gradient such that the lower I'U'ers of lifjuid contain more 
particles than the upper ones. Now the extent of the hhownian 
movement depends on the size of the partades. For large particles 
the movement is imperceptible because the numlier of molecules 
striking them from all directions in a short interval of time is so 
immensely large that the probability of a resultant force m any 
chrection is negligible. Just so a cork on the surface of a choppy 
sea IS 111 incessant motion, while a large ship is scarcely affected. 
For small particles the effect of gravity is exceedingly small in 
comparison with the effect of molecular collisions, so that the 
difference 111 density between the top and bottom of a gas column 
a few metres high cannot be delected. Nevertheless the concen- 
tration gradient, though very sliglit, is easily percejitiblc over great 
heights, and the density of the atmosphere gradually decreases 
from the surface ol the earth outwards until it reaches a figure 
indistinguishable from zero, d'he selective effect noticed in the 
centrifuge tube also occurs, for at great heights the air is richer in 
the lighter constituent nitrogen. From exact measurements of the 
concentration gradient of any such system it is possible on the 
basis of the mathematical kinetic theory to calculate the weight 
of the particles, assuming a known value of Avogaoro’s constant, 
or, knowing (as Perrin did) the weight of the particles, to calculate 
Avogadro's constant. The value obtained was 60*9 in good 

agreement with the value calculated by other methods. This 
agreement not only proves the kinetic explanation of the Brownian 
movement to be correct, but is also evidence in favour of Avogadro's 
hypothesis and the kinetic theory of liquids: that is, it sujiports 
in the strongest way the molecular theory of matter. 

Dialysis. — The first systematic or extensive investigations of 
colloidal solutions were made by Graham in the eighteen-sixties. 

K 
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He was struck by tlic very marked differences that electrolytes 
and such substances as albumin or gelatine showed in the speed of 
diffusion llirough a solution, and he found that the former class 
would diffuse freely through membranes made from parchment 
paper or animal bladders, which retained the latter. The former 
class, whether electiolyles or not, he called crystalloids, the latter 
colloids, and the process of separation with a membrane he called 
dialysis. We now know that there is no rigid line to be drawn 
bctw(‘en colloids and crystalloids, either as ret^ards their molecular 
weights in solution, power of passing a membrane, or optical pro- 
perties. The properties of the solution change gradually from typical 
crystalloid properties to typically colloid jnoperties as the molecular 

weight grows larger, and such a 
crystalloid as cane sugar may show 
the 'J'yndall effect in very concen- 
trated solutions. 

Animal membranes arc now but 
rarely used in dialysis, their ]:)lace 
having been taken by collodion 
or parchment paper. The process 
is still much used for the se]>ara- 
tion of colloids from electrolytes, an 
ajiparatus similar to that shown 
in the diagram being employed. 
A suitable iunnel-shaped membrane (an ordinary filter-pa])er is of 
course useless) is placed in the funnel, and washed with a constant 
stream of water, whose level is automatically fixed by the perforated 
side-tube. 


Colloidal 

Solution 

Washing 
Water ' 


Membrane Hole 

,/ V// 
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Methods of preparing Colloidal Solutions. — A large number of 
processes have been devised hn- the preparation of colloidal solu- 
tions, and it has been maintained that it is possible to prepare 
any substance in such a form. A great advance was made by 
Brkdig, who found that colloidal solutions of silver and many other 
metals could be prepared by passing an electric arc between elec- 
trodes of the metal under the surface of the li(|uid; in this process 
the metal is vaporized, and, on sudden condensation at a short 
distance from the arc, particles of colloidal size are formed. The 
arc method has been brought to a high degree of perlection by 
SvEDBKKc;: cither alternating or direct current may be used. Col- 
loidal solutions of mercury may be obtained by passing mercury 
vapour into water, or even by sliaking mercury and water violently 
together. The chemical method is perhaps the oldest of all. Fara- 
day produced red and blue solutions of gold by reducing a .solution 
of gold chloride with an ethereal solution of phosphorus, and all 
chemists are familiar with the colloidal solutions ot sulphur produced 
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when solutions of hydrogen sulphide are treated with nitric acid or 
sulphur dioxide; they pass through paper filters and frequently 
cause difficulty in qualitative 
analysis. Electrolytic reduc- 
tion has also been used for 
the preparation of colloids, 
but the commonest method 
of all is some form of precipi- 
tation from solution, either 
by cooling or by diluting the 
solvent with another licjuid 
m which the solute will not 
dissolve. A theory of the 
production of colloids by 
precipitation has been worked 
out by VON Weimakn, and 
as it is very wide in its appli- 
cations and is in good general 
agreement with experiment 
we shall give a short account 
of it here, tliough w(‘ shall not 
discuss its quantitative verifi- 
cation, which has not always 
been very successful. 

Von Weimam’s Theory.— -Von Weimarn introduc(‘s a function 
() called the dispersion coeffKaent, winch may be defined by the 
C 

equation in which 5 represents the solubility of the 

substance to be ])rccipitatcd, and C the concentration in tin* instant 
before the preciintatc forms, less the solubility, that is, the excess 
concentration representing the amount which will in time be 
precipitated from unit volume, rj is the viscosity of the solution, 
which may be in water or any other solvent. By the use of the 
term dispersion-coefficient von Weimarn implies that this expression 
controls the fineness of the precipitate produced. A low value of 
d implies the formation of large crystals, and vice versa. According 
to the theory, in any given S(^lvent the formation of a colloidal 
solution should be promoted by a large excess of the substance to 
be precipitated and a low solubility, and this is in fact found to be 
true. Large crystals are made by growing them in a solution 
only very slightly supersaturated; small ones by rapidly reducing 
the solubility in a solution as concentrated as possible, either by 
cooling it suddenly or by adding a large excess of some precipitating 
agent. Von Weimarn supported his views by experiments on the 
precipitation of barium sulphate from solutions of manganous 
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sulphate and barium thiocyanate (chosen for their high solubility). 
In very dilute solutions fairly large crystals were obtained, since 
C 

under these conditions g is fairly small. As the concentration 

increases, the precipitated particles become smaller and smaller 
until in very concentrated solutions a gelatinous precipitate is 
obtained in which no crystalline form can be detected. The very 
line precipitates are not stable, since very fine particles of a slightly 
soluble substance grow larger in contact with the saturated solution. 
This is because the solubility of a substance is greatest when it is 
in the form of a very fine powder; the larger the particles the 
smaller the solubility, though the effect is only detectable below 
a very small particle size. The larger particles therefore grow at 
the expense of the small ones, but this process is exceedingly slow 
unless there is a reasonable solubility, for the transfer must take 
place through the solution. This is why fine precipitates like 
barium sulphate are usually boiled for some time before filtration 
— the increased solubility at the higher temx)crature promotes the 
disappearance of the very small particles which will pass through 
a filter-paper. X-ray analysis by the powder mctliod has shown 
that even small colloid particles are definitely crystalline. 

Electrical Charges on Colloids. — An electric charge is usually, 
though not always, found to be associated with every colloid 
particle. 'Vliis is easily demonstrated by electrolysing the colloidal 
solution in a U-tube and showing that the colloid has begun to 
migrate towards one electrode or the other, either visually if it is 
coloured, or by analysis if it is not. The migration is called 
cata phoresis. Generally speaking, metallic hydroxides are posi- 
tively charged and consequently migrate towards the cathode, 
and so do some dyestuffs, while other dyestuffs, metals, sulphur, 
silicic acid, and most insoluble salts are negatively charged and 
seek the anode. By varying the conditions of formation it is 
sometimes possible to prepare two colloidal solutions of the same 
substance with charges of opposite sign on the particles. By 
calculation from the observed velocities one can estimate the 
average electric charge per particle. The results differ even between 
different solutions of the same substance, but colloidal charges are 
always much larger than ionic charges. 

Coagulation. — The electrical charges on colloids, whatever their 
origin, are obviously closely connected with the phenomenon of 
mutual preci]Mtation, for it is invariably found that colloids of 
opposite electrical charge coagulate each other; the particles unite 
and settle on the bottom of the vessel. The electrical charge 
appears therefore to be essential to the permanence of the colloidal 
state in nearly all substances, for the equivalence of mutually 
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precipitated colloidal solutions is electrical, that is to say, a given 
positive charge distributed over the particles of a colloidal solution 
will precipitate, and be precipitated by, an exactly equal negative 
charge on the particles of another solution. If an excess of one 
solution or the other is added, the particles, which are usually 
of both the kinds originally present, take on a positive charge 
if the colloid with positive particles is in excess, and vice versa. 
The electrical double layer, as it is called, which must exist on 
the surlace of a colloidal particle appears to keej) it from uniting 
with other particles, and as soon as the charge has disappeared 
the particles combine to foiin larger ones, a phenomenon called 
coagulation. 

The powder of coagulating sols is possessed in an eminent degree 
by electrolytes, and the effect of an added electrolyte increases 
with the valency of its ions, bivalent ions being much more effective 
than univalent ions, and tervalent ions more effective still. It is 
further found that the important factor is the valency of the ion of 
opposite sign to the colloid: thus the aluminium ion, with three 
positive electronic charges, is very effective in precipiitating nega- 
tive colloids, while positive colloids are more readily precipitated 
by the bivalent negative sulphate ion than by the univalent nega- 
tive chloride ion. 

The Mass of Sol Particles.-- Not ail particles exhibiting typucal 
colloidal behaviour appear to owe their stability in dispersion 
primarily to an electric charge. Starch, agar-agar, and cellulose 
acetate (‘ cellopihane ') all yield stable dis]:)ersu)ns of uncharged 
piarticles. The so-called ‘ soluble ' starch, used in volumetric 
analysis, ow'cs its solubility (or dispersibility) to the presence of 
phosphate groups, which do give rise to charged piarticles. When 
the ])article is electrically neutral it is legitimate to expiect that its 
true weight (or molecular weight) can be found from a careful 
measurement of the osmotic pressure of the sol, for Perrin’s re- 
searches showed that in respect of osmotic effects colloidal particles 
are not abnormal, except in the magnitude of the molecular weight. 
In principle, a cryoscopic observation would serve the same purpxrse, 
but it must be remembered that a molar aqueous solution of any 
substance gives only about 1-9° of depression in the freezing-point, 
but has an osmotic pressure (at o® C.) of over 22 atmospheres. 
Obviously the latter property is by far the easiest to observe and 
measure for a solute of high molecular weight. Using a membrane 
of cellophane, and formainide as solvent. Staudingek found the 
molecular weight of pure starch to vary within the wide limits 
30,000-153,000. Actual osmotic pressures measured w'ere of the 
order of 1-20 mm. of mercury. 

Particles normally possessing an electric charge, that is those of 
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the majority of colloidal systems, would doubtless also show normal 
osmotic behaviour, but it must be noticed that their charges are 
compensated by the presence in the dispersion medium of simple, 
and molecularly dissolved, ions. Thus a particle of the hydrosol of 
ferric hydroxide very probably owes its usual positive charge to 
ferric ions Ee"’ attached by a process of adsorption (see below). 
Suppose a particle holds lo ferric ions in this way; then to 
each such particle there must be 30 simple anions such as Cr in 
the dispersion medium. Each of the latter ions is osmotically 
active, and the observed osmotic pressure will be approximately 
31 X // if /7 is the pressure due to one unit. Hence we cannot hope 
to evaluate the true molecular weight of the sol particle by this 
means. Fortunately other methods are available. For simple 
inorganic particles, such as those of metal sols, we may by the use 
of the ultramicroscope count the number of particles in, say, i ml. of 
the sol. Then, by coagulating a suitable quantity of the sol we 
can weigh directly a known number of particles, and hence obtain 
the average weight of each. In the case of simple inorganic sols 
the conception of molecular weight of the particles has no clear 
meaning, for we may assume, with the support of X-ray diffraction 
studies, that these particles are essentially very small crystalline 
specimens of the substance dispersed. A method highly developed 
(principally by Svf.dbkrg) for organic colloids, such as proteins, is 
that of the ultra-centrifuge. This machine is in principle simply 
a centrifuge capable of extremely high rate of rotation; it in fact 
creates an enormous enhancement of the natural gravitational 
field, and the setthng of coarse suspensions under ordinary gravita- 
tion is imitated for the vastly smaller sol particles. The method 
has the unique advantage that it displays the molecular weight 
' spectrum,' and permits the ready separation from different levels 
of the centrifuge vessel of the constituents of ' polydisperse ' sols. 
By means of this technique many biological substances of high 
molecular weight formerly thought to be chemical individuals have 
been shown to be mixtures. 

The Source of the Electric Charge of Sol Particles.— Since the 
crystals of most substances are held stable by the presence of strong 
interatomic or intermolecular forces, many of which must be styled 
chemical rather than physical, the surface of a solid in vacuo must 
be the seat of these forces partially or whoUy uncompensated. These 
strong attractive forces will draw substances out of gases or solutions 
brought into contact with the solid surface, and attach these firmly 
to it. This surface phenomenon is called adsorption. The mole- 
cules so attached may slowly migrate into the body of the solid, 
and become dissolved in the ordinary sense. The total process of 
uptake has been termed sorption. It has been proved in quantita- 
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live experiments that an adsorptive attachment of simple ions is 
adequate to account for the characteristic charges on most inorganic 
sol particles. It follows from this that a stable sol of this kind 
cannot be prepared in the complete absence of ions; on the other 
hand, too large a concentration of electrolyte coagulates the sol, 
by forcing a compensating ion on to the already charged surface. 
For all inorganic sols therefore there must be an optimum concen- 
tration of suitable ions, that wdll yield a ])reparation of maximum 
stability, i.e. one in which the charge per ])article is a maximum. 
This view of the source of the charge is strongly supported by the 
common experience that too prolonged dialysis of a sol preparation 
renders it unstable; and by the successful reversal of the charge 
on sol particles by changing the ionic composition of the dispersion 
medium. It has long been known that a sol of silver chloride is 
positively charged when precipitated from solutions containing 
excess of silver, and negatively charged when excess of halide is the 
condition of precipitation. If the charges are assumed to depend 
on adsorption of (positive) silver ions, or (negative) halide ions 
these effects are to be expected. It has also been shown that the 
cathodic direction of cat a phoresis of a silver sol can be reversed by 
the controlled addition of small amounts of aluminium salt to the 
sol; here adsorption of Al*** ions is responsible for the change of 
sign from negative to positive. Experiments of this kind must often 
be disappointing since the sol becomes highly unstable in the inter- 
mediate region of low charge, and owing to coagulation fails to pa.ss 
into renewed stability with opposite charge. 

There is a large and important class of colloids the particles of 
which secure their charge in a more direct way. When the simple 
anion or cation of a salt consists principally of a long carbon chain 
or other complex organic unit, these ions have a strong tendency 
to aggregate into bundles of high molecular weight and charge. 
Examjdes are the alkali metal salts of higher fatty acids (the soaps) 
while the .sulphonates of high-molecular-weight paraffins form the 
chief constituents of modern ‘ wetting agents,' for this power of 
aggregation is always associated with a large effect on the surface 
tension of the dissolving medium. A number of dyestuffs have also 
this character. This class of colloids is termed that of colloidal 
electrolytes. Although the condensed ion, w'hich may be an anion 
or a cation, is massive compared with simple ions, it possesses a 
correspondingly high electric charge, and hence its mobility is not 
abnormal. Colloidal electrolytes thus behave normally in experi- 
ments on their electrical conductivity, and show evidence of full 
ionization. On the other hand, the osmotic and cryoscopic be- 
haviour will depend mainly on the simple ions, for the aggregated 
ion has no more effect than any of the simple ions. The osmotic 
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effect of I grn.-in()l. of sodium stearate is almost wholly that of 
I gm.-atom of sodium ion. This salt will therefore beliave in a 
cryoscopic experiment as though it were un-ionizcd. These 
apparently incompatible predictions are completely verified in 
experiments. Certain organic colloids behave as ampholytes. Thus 
the proteins can form salts either with acids or alkalis. Their 
particles contain many definite anion-forming centres (e.g. --COOH), 
and catioiiTorming centres (e.g. — RNII2). The colloidal anion of 
the soaj)s can be dissociated bv extreme dilution, but protein 
particles can be degraded into simpler parts only by chemical action 
such as hydrolysis. The high electric charges upon the aggregated 
ions of colloidal elect roly tt?s causes the attachment to the aggregate 
of large amounts of the aqueous disper.sion medium; the particles 
are heavily ‘ solvated.’ 

Protection. — The phenomenon of protection must also be men- 
tioned. It is found that certain sols, very sciisitivc to the coagu- 
lating powers of electrolytes, can be protected against their action 
by the addition of an organic colloid, chosen for its stability to 
electrolytes. Thus colloidal solutions of silver can no longer be 
precipitated by the addition of electrolytes if they contain a sufficient 
concentration of albumin. The explanation of this effect is not yet 
definitely known, but it is supposed that the more sensitive colloid 
is enveloped by the less sensitive and thereby protected against the 
action of electrolytes. The waters of the Nile are supposed to afford 
an example of protective action. They are always muddy because 
the organic matter in colloidal solution protects the suspended clay 
from precipitation, but when the sea is reached the salts contained 
in it precipitate the clay as mud and a delta is formed. 

Colour of Colloidal Solutions. — ^The colour of sols is also worthy 
of attention. Many of them arc bluish by transmitted and yellowish 
by reflected light for one of the same reasons that the sky is blue — 
the particles scatter the longer waves of the visible sjiectrum more 
than the shorter ones, whicli therefore preponderate in the trans- 
mitted light. But often the particles themselves show strong 
selective absorption of light, and then highly coloured sols may 
result, the colour depending not only on the nature of the substance, 
but also on the average size of the pxirticles. Metallic sols may be 
prepared of almost any colour: fine red, blue, or green dispersions 
may be made from gold. 

Applications of Colloid Chemistry. — We cannot here give any 
extended discussion of the many applications of colloid chemistry 
in industry. Dyeing is essentially a colloid phenomenon, and con- 
siderable progress has been made in explaining the theory of the 
process. It is at least certain that no single explanation will cover 
all the phenomena; it appears that the dye is sometimes chemically 
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combined with the fibre and sometimes adsorbed on its surface. 
The tanning process is another to which the principles of colloid 
chemistry have been successfully applied. Town water-supplies 
are invariably purified by filtration through beds of charcoal or 
sand on which the colloid particles are adsorbed. Finally, the 
study of life-piocesses is intimatelv connected with colloid chemistry. 
To take onlv two examples — the larger ])art of the oxygen dissolved 
111 the blood IS adsorbed on the surface of the corpuscles, and not 
dissolved in the ordinary sense; and bacteria behave as colloid 
particles and can be coagnilated by suitable precipitants. fhe held 
is so vast that generalization is cliflicult, but applied colloid chemistry 
IS one of the sciences from which the most far-reaching practical 
results may be expected. 

Adsorption. — At this point it will be well to consider the pheno- 
mena falling under this head more fully. The fact that all solids 
must attract and hold to their free surfaces gases or substances from 
solution is the reason for many common ])recantions taken by the 
analytical ch(*mist. Since the amount of material adsorbed is 
proportional to surface exposed all finely-divided substances are 
iru^ariably deposited in a vacuum desiccator for some time prior to 
their being weighed for an analytical operation: to remove the lilm 
of water, crucibles are ignited and allowed to cool in a dry atmo- 
s])hcre before weighing. All ])recipitates will adsorb material from 
solution, and due precautions must be adopted to minimize this 
inevitable effect. It is known that many gaseous reactions are 
arrested by ‘ intensive ’ drying (p. 215). It is higlily probable 
that many of these proceed or originate on the walls of the containing 
vessel, and that the efficiency of that surface depends on its holding 
a film of water. Later we shall consider the fundamental part 
played by adsorption in surface catalysis (]). 2Sg). 

Adsorptive equilibrium between a surface and the bulk phase 
from which adsorption is taking place is reached very quickly, 
provided the surface is not already covered with a firmly attached 
film. One of the chief difficulties in conducting satisfactory 
cx])eriments to elucidate the process of adsorption lies in the 
elaborate technique essential to ensure ' clean ' surfaces, and much 
time has in the past been wasted on researches in whicli this prime 
necessity has not received proper attention. By emplovmg it as 
adsorbent one gram of a carefully prepared charcoal has been 
shown to expose a total surface of the order of too square metres. 
Nearly all this extent of surface is, of course, ' internal,' and due to 
the extreme porosity oi the charcoal. It was natural that early 
t'xperiments should be confined to the use of this adsorbent, since 
with it adsorptions are so large that they can easily be measured 
with simple apparatus. The quantity of gases taken up by charcoal 

*K 
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(for a given final equilibrium pressure) decreases sharply with rise 
of temperature, and so efficient is its adsorptive power when cooled 
by the aid of lifjuid air (—190'’ C.) that until recently this method 
provided one of the best and simplest means of obtaining a high 
vacuum. Pjy a moderate rise of temperature, and the assistance of 
evacuation, gases adsorbed on charcoal (or on many other surfaces) 
can often be recovered unchanged and without loss. It has been 
obser\x‘d, liowevcr, that when oxygen has condensed on charcoal, 
only a portion can be so easily regained. The remainder is liberated 
only at high temperatures and then as carbon monoxide. The 
same gas condensed on the surface of a tungsten filament (after it 
lias been cleaned by ‘ flashing ' at a very high temyierature) can 
only be recovered by strong heating and in the form of volatilized 
tungsten oxide. Experiments of this type indicate that at least 
in some cases the binding in the him is chemical in nature. It has 
become customary to term tliis kind of adsorption chemisorption, 
and it very j)robably plays the j)rincipal role in surface catalysis 
(p. 289). 

The Adsorption Isotherm. — An adsorption isotherm attem})ts to 
express the relation between the concentration (or pressure) of the 

adsorbate in the exter- 
nal solution or gas mix- 
ture, and the mass 
adsorbed per unit area 
of the adsorbent, at con- 
stant temperature. No 
single formula has been 
proposed that includes 
all the accumulated 
data, although simple 
equations can be derived 

Concentration if simplifying assump- 

in liquid or rfas about the consti- 

^ ^ tution of the surface film 

Fig 00 Adsorption ok a UNiMOLtcucAR are made. For example, 

it may be assumed that 
all sites for adsorption 
are equivalent in action, and that the known short range of the forces 
causing adsorption limits the thickness of the film to a single mole- 
cular layer. Langmuir was the first to show that with these 
premises the relation between the pressure of the external gas and 
the fraction a of the surface covered with adsorbed gas is as follows: 

a-=^hpl{i-{‘hp), {k is a sjiecific constant.) 

This relation is shown graphically by the full curve in Fig. 90. It 
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Indicates (i) that amount adsorbed (proportional to the fraction 
of surface covered) is approximately proportional to the pressure 
at low pressures, and low adsorptions, ( 2 ) the surface reaches 
saturation, beyond which increase of pressure can have no further 
offect upon the amount adsorbed. There is now no doubt that in 
the general case the amount adsorbed follows the broken line, and 
the general adsorption isotheim is S-shaped. However, propor- 
tionality between a and p at sulhcicntly low pressures is fully 
proved, and as in surface catalysis we probably arc concerned only 
with changes ]:)roceeding in the adsorbed layer in immediate contact 
with the adsorbent the notion that this layer will attain saturation 
at some stage is significant. 

Adsorption Indicators.— Of recent years the theory of adsr)rption 
has been made the basis of a new type of indicator, for which we 
arc chiefly indebted to Fajans. We may take as an example the 
titration of silver salts with halides. A precipitate of silver bromide 
will adsorb either silver ions or bromide ions, according to which 
IS in excess, and it will also adsorb the dye eosin, wdiich is therefore 
used as an indicator in the titration of biomides with silvei nitiale. 
7'he dye is adsorbed on the surface in addition to the ions, but if 
the silver ions are in excess the dye is adsorbed in the form of its 
silver salt, whic h is bright red, whereas eosin solutions are y^cllownsh- 
rose. In the titration the eosin is added to the bromide solution, 
which appears yellow, and the silver solution is added from a 
burette. Just before the equivalence-point the colloidal silver 
bromide coagulates, as we should expect it to, and at the end-point 
the precipitate suddenly becomes bright brick-red as the first small 
excess of silver ions displaces the bromide ions from the surface. 
Chlorides can be titrated in a similar way with fluorescein, and 
methods have been worked out for other precipitation reactions. 
These methods are usually highly accurate even at great dilutions 
and have become very important. 

Heterogeneous Catalysis. — The chemical effects occurring at the 
interface betw'ecn solids and gases or lupiids give rise to the whole 
scries of phenomena classified under the name of heterogeneous 
catalysis, a fact which sharply distinguishes it from homogeneous 
cataiy.sis, and justifies its treatment under a sejiarate heading. 
Originally put forward by Faraday^ the theory of localized inter- 
facial action is no longer seriously in doubt, though the exact 
mechanism by which chemical change is brought about at the 
surface of the catalyst is incompletely understood. 

As an example of a highly active colloid catalyst w^e may take 
Bredig's platinum solutions prepared by the arc method. The 
catalytic activity of a milligram of platinum in the colloidal con- 
dition is enormously greater than the activity of the same mass 
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of metal in a solid lump. Such a solution will rapidly decompose 
hydrogen peroxide into water and oxygen, and will cause hydrogen 
and oxygen to combine. The increased activity is due to the much 
larger surface of the catalyst, and it is found that the catalytic 
activity of platinum in the solid state is much increased by coating 
It with j>latinum black, a finely-divided form of the metal which 
gives the catalyst a rougher and consequently a larger surface. 
Bredig also lound that his colloidal solutions were very sensitive 
to traces of certain impurities, such as hydrogen cyanide or arsenic 
salts, which reduced or even destroyed their catalytic power, a 
phenomenon which he called ‘ poisoning ' — by analogy witli the 
somewhat similar effect of such substances on living organisms. 
There can be little doubt that these catalvtic poisons owe their 
properties to the fact that they are more readily adsorbed on 
platinum than are the reactants of the catalysed reaction, which are 
consequently unable to reach the surface when the pois(ms are 
present. From approximate calculations of the minimum effective 
thickness of the poison layer it appears that a layer one molecule 
thick is sufficient if it covei^ the whole surface of the catalyst; a 
result which in vdew of Adam's experiments on fatty acid films on 
water (p. lob) will cause no great surprise. 

The study of gas reactions in recent years has shown that a 
surprisingly large proportion of them are chiefly, if not wholly, 
heterogeneous, and take place on the walls of the vessel if no more 
effective catalyst is provided. I'he best way of testing the alleged 
homogeneity of a gas reaction is to fill the reaction vessel with 
sharp-edged fragments of the material from which the vessel is 
made, or to alter its size, and to see whether the reaction velocity 
is thereby affected when allowance has been made for any change 
in volume. The investigation of reactions m solution is more 
difficult, since the removal of dust particles from liquids requires 
a highly specialized technique, but interesting results have been 
obtained. Thus Rice has shown that the notoriously unstable 
substance hydrogen peroxide can be kept nearly unchanged for 
indefinite periods in concentrated solution if all floating impurities 
arc absent, and tliat under the.se conditions its stability is little 
affected even by heating. Commercial hydrogen peroxide always 
c intains pre;scrvatives or anticatalysts which retard its sjKuitancous 
decomposition ; among the substances used for this purpose we may 
mention sulphuric acid, alcohol, ether, glycerol, acetanilide, and 
barbituric acid. The mode of action of such diverse compounds 
has always been a j)uzzle, and Rice's explanation that they mcTely 
poison the dust particles wliich act as heterogeneous catalysts by 
adsorption on their surface is almost certainly the correct one. 

The Characteristics of Surface Catalysis. — In spite of intensive 
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laboratory studies and the enormous multiplication of examples 
of this type of catalysis in industiy, no generally acceptable theory 
of the process has been established; indeed, the opinion is growing 
that for such a wide range of diverse phenomena no single theory 
can be adequate. In practice therefore the selection of a catalyst 
for a given chemical change is largely a matter of trial and error. 
We must be content to present a summary of the outstanding 
features of this form of catalysis, followed by comment. 

(1) The chemical action is localized in the intcrfacial region 
where the reactants, and often the resultants also, are field 
for a period in direct contact with the catalyst surface. 

(2) If the reactants are present in this region in greater density 
than in the bulk gas or solution, this increase of concentration 
is not the cause ol the catalysis. 

(3) The kinetic order in respect to the external pressure or ('on- 
centration in bulk is often zero, or a low fraction. 

(.^) The alternate formation and decomposition of intermediate 
compounds of normal type cannot give a general explanation 
of catalytic reactions (cf. homogeneous catalysis, pi. 214). 

(5) The energy of activation for a catalysed reaction is less than 
for the homogeneous (uncatalysed) reaction. (For the ex- 
planation of activation sec p. 239.) 

(6) Reactants in contact with the catalysed surface adopt an 
ordered arrangement. 

(7) The activity of catalysts is higlily specific, and the activity 
of mixtures is not usually predictable from the activities of 
the constituents. 

It is now generally conceded that heterogeneous catalysis depends 
upon surface phenomena, and not ap^preciably on bulk dissolution 
of reactants by the contact substance. Nevertheless those effects 
on the physical form of the catalyst that might be ex])ected from 
a vigorous bulk interchange with a gas phase are often actually 
observed. Ammonia is oxidized to nitric oxide, and sulphur dioxide 
to sulphur trioxide, by the joint agency of atmospheric oxygen and 
platinum. Each of these oxidations is the basis of very large-scale 
industrial operations for the manufacture of nitric and sulphuric 
acids. In both processes the initially smooth, bright platinum 
surface is intensely roughened during the catalysis. In the nitric 
acid industry this effect has to be carefully controlled, for the rough 
metal tends to oxidize the ammonia to nitrogen rather than to 
nitric oxide. If finely-divided platinum is deliberately used as 
catalyst hardly any nitric oxide is produced. On the adsorption 
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theory alone it is not easy to explain this important change of 
chemical reaction. The kinetics of many surface reactions, and 
particularly the * poisoning ' effects of some of the products, can be 
rationally and simply explained by assuming that the reaction 
proceeds in an adsorbed film only one molecule thick, but this 
satisfactory result cannot be taken as proof of the unimolecular 
nature of the film. That adsorption films formed by a variety of 
substances on many surfaces at ordinary temperatures have more 
than this minimum thickness has been abundantly proved by joint 
measurements of surface area and amount of adsorption. With our 
present knowledge of molecular diameters it is easy to ascertain the 
order of magnitude of the molecular concentration on a fully 
covered surface, and to show that such an increase of concentration 
could in no way explain the often enormous increase of reaction 
velocity effected by a catalyst. The law of mass-action (p. 113) 
proves that a zero order of reaction must be fictitious; such an 
experimentally determined order can only mean that in the meclian- 
ism of the reaction the concentration of the reactant associated 
with the zero order is held automatically constant. Such con- 
stancy would be achieved if the adsorption film were ‘ saturated,' 
and therefore its concentration independent of the external pressure. 
A low fractional kinetic order would indicate that the film is main- 
tained near to the saturation point. It is difficult to see how these 
characteristic orders of reaction could be explained otherwise, so 
their common occurrence in heterogeneous catalysis strongly 
supports the adsorption hypothesis. The union of hydrogen and 
oxygen is strongly catalysed by many metals, and the action may 
be vigorous at temperatures far below the reduction point of any 
normal oxide of the metal. In such cases an alternate oxidation 
of metal and reduction of (normal) oxide is excluded. ‘ Surface ' 
hydrides and oxides formed by chemisorption (p. 288) are, 
however, commonly assumed to play the principal part in such 
changes. The basic feature of all examples of catalysis is the en- 
hancement of the reaction velocity at a given temperature. Many 
studies of the change of the velocity of catalysed reactions with 
temperature prove that the main cause of the increase of velocity 
is a diminished energy of activation. Some otherwise puzzling 
features of this type of catalysis can be explained when it is assumed 
that in the adsorbed film the reacting molecules are attached to 
definite sites in an orderly manner related to their chemical structure. 
Thus it has been shown that in the dehydrogenation of the lower 
alcohols (to produce aldehydes and hydrogen) in contact with 
copper at 200® to 300*^, the alcohols undergo the change at nearly 
equal rates at the same temperature. This result points to the 
conclusion that these alcohols are attached to the metal solely by 
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means of the group —CHgOH, which is also the part of the molecule 
actually changing. 

CH3CH2OH -= CH3CHO + Hg. 

The Use of Isotopic Exchange Reactions in Catalysis. — One of the 

chief obstacles to progress in elucidating surface catalysis has been 
a lack of sufficiently simple catalysed reactions. The discovery of 
' heavy ' hydrogen or deuterium has made possible the study of 
‘ exchange ’ reactions, such as 

H2+D2-2HD, 

HgO+DsO^-HDO, 

wherein the reactions are merely interplays between atoms nearly 
identical. When a mixture of hydrogen and df‘uterium is exposed 
to chromic cxide or finely-divided nickel at temperatures as low as 
— iQO° C. the exchange p)rocecds at a measurable rate, and is very 
rapid on gently-heated nickel. The homogeneous reaction requires 
temperatures at least as high as 600° C. A detailed and quantita- 
tive study of the catalysed reaction, especially the determination of 
the activation energy, has demonstrated that the reaction on the 
surface cannot be that shown in the above equation, but needs the 
intervention of atomic hydrogen and deuterium even at the very 
low temperature. The conclusion is that the dissociation accom- 
panies adsorption. The well-known pre-eminence of nickel as a 
hydrogenating catalyst is thus very probably due to its dissociating 
power for hydrogen. Much more investigation will be needed before 
a well-established theory of even this one type of surface catalysis 
can be expected. 

The Kinetic Order of Surface Reactions.— It will be recalled that 
the law of mass action (p. IT3) requires reaction rate to be exj>ressed 
in the form 

Rate--k(C)“, 

where C is the concentration of the reactant at the seat of reaction. 
For a reaction proceeding solely at an interface, C is obviously 
synonymous with concentration in the adsorbed layer. Hence we 
can only learn the true order of a catalysed reaction from observa- 
tions on the change of external pressure if we already know the 
form of the adsorption isotherm, or we are confident that the 
observations have been made at such low pressures that adsorbed 
amount and pressure are proportional. As a probable example of 
the latter condition we may cite the decomposition of phosphine 
into its elements. This gaseous reaction is now known to proceed 
almost exclusively on the walls of the glass or silica vessels con- 
taining the reacting gas (p. 200), and a general study of the 
adsorbing pow’ers of these solids proves that they are feeble, and 
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high pressures are required to produce a dense adsorbed layer 
Hence the kinetic first tjrder found from observations on the pressure 
almost certainly reflects the true order on the surface. The de- 
composition of nitrous oxide at moderate temperatures upon a gold 
surface is i)robablv another example of the same sort. This latter 
case is of interest because decomposition of this oxide into its 
elements can nlso proceed homogeneously, but at higher tempera- 
tures. It is found to show the second kinetic order in these circum- 
stances. On th(‘ surface we have nvictions (i), and homogeneously 
reaction (2): 

NaO-No-fO; 0-f 0-0, (i) 

2N5JO- 2N2-4-02 (2) 

Now it can be shown that (i) proceeding homogeneously would 
involve an increase of free energy, and in tliis case is therefore 
‘ forbidden/ The strong attachment of the oxygen atoms to tlie 
surface (whereon they subsequently unite in pairs and leave the 
surface) is a process associated with sufficient decrease of free 
energy to ensure that the reactions (i) can proceed spontaneously 
on tlie surface. It is common for a catalysed reaction to show an 
api)arent zero order, or low fractional order of reaction. Two 
alternative conclusions are then possible: (<?) the adsorption is feeble, 
and the true order is that found by pressure studies, {h) the ad- 
sorption is strong, and has reached saturation of the contact layer, 
wherein the concentration of the reactant is then held constant. 
As an examjjle ol this behaviour we may take the decomposition of 
ammonia intf) its elements on metallic surfaces, such as tungsten. 
'J'hat of the above alternative explanations we should choose (/;) is 
indicated in this case by the fact that at ver^^ low jiressures the 
apparent order rises sharply, and doubtless would ultimately reach 
the true order, if exfieriments did not become too difficult owing 
to the very low pressures required. Thus in general when the 
apparent order is fractional or zero we can hope to learn little about 
the reaction process on the surface unless experiments are extended 
to very low pressures. 

Poisoning by the Products. — Most interesting results are obtaineil 
when the reactants or products compete for the surface of the 
catalyst. Hinshelwood and Prichard studied the velocity of 
the reaction CO.>-f Hg-^CO-fH^O (made irreversible by removing 
the water as it was formed) on a platinum catalyst; the diagram 
(Idg. 91) shows the type of curve obtained when the initial rate of 
reaction is plotted against the initial pressure of carbon dioxide at 
a fixed temperature, the initial hydrogen pressure being kept con- 
stant. It will be observed that the initial rate shows quite a sharp 
maximum, the explanation being that beyond this point the carbon 
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dioxide takes up so much of the available surtace of the catalyst 
that the hydrogen cannot find room on it. The reaction velocity 
is therefore reduced, for we must 
presume that two molecules will 
only react when they find them- 
selves in adjacent positions on the 
catalyst. 

Heterogeneous Catalysis in In- 
dustry. — Some of the very numer- 
ous industrial applications of hetero- 
geneous catalysis will be discussed 
in the section on the inorganic com- 
pounds; such arc the synthesis 
of ammonia, the oxidation of am- 
monia, and the contact process for 
sulphuric acid. Among the organic 
aj)j')lications the most important 
is perhaps the use of hnely-divided 
nickel as a catalyst for hydrogen- 
ation, investigated bv Sauaiii'r; 
this process is used on a very large 
scale in the soap and rnaigaiine 
industry for converting liquid 

oils into solid fats by combination with hydrogen under pressure 
in the presence of nickel. The principal disadvantages of catalytic 
methods in industry are the high cost of the catalyst, if one of the 
platinum group of metals must be used, and the necessity of purify- 
ing the reactants to avoid ‘ poisoning ' of the catalyst ; but the 
advantages of these methods are usually found to outweigh their 
defects. 
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In the eight een-sevonlios chemical theory was at once simpler 
and more firmly held than at any time before or since. Not only 
was it almost universally supposed that the existence of atoms was 
established beyond doubt, but they were held to be indestructible 
and of the same weight as other atoms of the same element — a ])oint 
on which no direct evidence was available. In the following decade 
the closer investigation of the conduction of electricity through 
gases under low pressure indicated new and startling problems, 
whose solution required many years of experiment and speculation 
and is not yet in its final form. Progress in the early stages was due 
solely to the physicists, but later on the close connection of the 
subject with chemistry became evident, and modern progress has 
come from both directions. The work to be discussed in this 
chai)ter is very extensive and we shall not be able to preserve the 
chronological order. We may begin with the discovery of the 
electron. 

Cathode Rays. — Every one is familiar with the brilliantly coloured 
light produced by the passage of electricity through a discharge 
tube containing a gas under low pressure; it is now many years 
since these tubes were first used by advertisers, who seem to prefer 
the red neon light above all others. At an early stage of the in- 
vestigation of this discharge two types of ray w^ere discovered 
in the tubes themselves: the cathode rays and the positive rays. 
The former started at the cathode and were projected in a direction 
perpendicular to the cathode surface: they travelled in straight 

20 
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lines, cast definite shadows with no sign of diffraction, would pass 
through windows of thin metal foil, and if concentrated on an object 
by using a concave cathode would rapidly make it white-hot. They 
would blacken a photographic plate, caused certain substances to 
fluoresce, and endowed gases through which they passed with some 
power of conducting electricity. 

It was therefore deduced that cathode rays were material in 
nature, and consisted of streams ol negatively-charged particles. 
The rays could be de- 


flected by magnetic or 
electrostatic fields, and 
by measuring the devia.- 
tions produced it was 
found possible to calcu- 
late their charge and 
their mass. Both of 



these were found to be 


the same for every particle, wdiatever the nature of the cathode 
at which it originated or the rarefi(‘d gas through which it travelled. 
The charge is usually denoted by e, and is equal to the charge re- 
quired to deposit one atom of a univalent metal from solution. The 
mass was found to be about 1/1850 of the mass of a hydrogen atom. 

These particles were called electrons, and in these and subsequent 
experiments it was shown that electrons could be obtained from the 
atoms of all elements. The investigation of the positive rays 
proved more difficult, as homogeneous beams could not be obtained. 
The simplest apparatus in which the rays can be observed contains 
a perforated cathode through which they stream from the direction 
of the anode: but for quantitative experiments the perforations are 
reduced to a single narrow passage in a copper tube. The apparatus 
devised by Sir J. J. Thomson, to w^hose brilliant researches we owe 
the first clear understanding of the positive rays, was the original 
form of the apparatus later improved by Aston, and now known as 
the mass-spectrograph ; it will be described later in this chapter when 
we come to deal with isotopes. By subjecting a narrow beam of 
positive rays to transverse electrostatic and magnetic fields. Sir. J. J. 
Thomson caused them to deviate from their original direction and 
then received them on a photograjfliic plate. If, like the cathode 
rays, the positive rays consist of charged particles, the mass and the 
charge (or rather the ratio of one to the other) can be calculated 
from the observed deviation of a particle of known velocity. Since 
the velocity is, in fact, by no means uniform, particles with equal 
values of the mass to charge ratio will not be concentrated on a 
single spot on the photographic plate, but will be spread over a 
parabola from whose dimensions the ratio can be calculated. 
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Positive Bays. — In this way the positive rays were shown to 
consist of atoms and molecules from which one or more electrons 
had been removed, though on later occasions parabolas were 
obtained to which no satisfactory origin could be attributed. At 
the time of their discovery positive rays completed the chain ot 
evidence which showed that atoms could be disintegrated into 
negatively-charged particles (electrons) of minute mass and posi- 
tively-charged residues in which almost the whole mass of the atom 
remained. In more recent years their study has taken 11s one stage 
further still in our investigation oi the interior of the atom. Sir 

J. J. Thomson's experi- 
nuuits ]irovided the first 
proof for the assumption 
made since the beginning 
of the atomic theory that 
tli(i atoms of some elements 
at least are individually as 
luG c)3 Posit] VK Kavs statistically equal 

in mass. 

At an early date attention was given to the range of cathode 
lays, that is, to the distance through which they could travel 
through air or some other gas before they were absorbed, and to 
the thickness of metal foil which they could penetrate. This power 
of penetrating thin sheets of metal without perforating them, which 
had once been used as an argument against then material nature, 
was readily understood when measurements had been made of 
their mass, so small compared with that of the atom, and their 
very high velocity, often not much less than that of light. From 
the kinetic theory ol gases and the known value.-, of the diameters 
of gaseous molecules it was possible to calculate how many molecules 
an electron would on the average encounter in its passage through 
a gas, and the results showed that by far the larger part of an 
atom must be transparent to electrons. It was even possible to 
estimate the diameter of that part of the atom through which the 
electron could not pass; this was found to be a minute traction of 
the atomic diameter. We thus arrive at a picture of a sm?dl but 
impenetrable nucleus surrounded by a relatively large and nearly 
empty area, a conclusion entirely confirmed by the invustigations 
of Lord Rutherford of the collisions between neutral .itonis and 
positive particles. 

Scattering of a-Particles. — The discovery of radioactivity in the 
closing years of the nineteenth century had provided a source of 
positive particles more convenient than the discharge tube. It 
had been shown that certain radioactive substances emitted streams 
of positive particles, called a-particles, which consisted of atoms of 
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helium from each of which two electrons had been removed, and 
which therefore carried a doiible positive charge. These particles, 
like cathode rays, can penetrate very thin metal foil, and in so 
doing they suffer a succession of small deviations, so that a narrow 
beam, after passing through foil, will be to some slight extent 
spread out. The scattering can be predicted from the laws of 



Fig 04 Tiik Sc atti-rtnc of a-PARxiCLEs 


j)robability, and the observed v^alues can be accounted for in this 
way, but certain jiarticles an' deflected through more than a right 
angle, and will strike a screen jilaced on the near side of the foil. 
The probability that the sum ot a succession of small deviations 
should reach so large a value is, under tlie experimental conditions, 
vanishingly small, and it is concluded that tliese large and com- 
paratively rare de- ^ 


viations are due to Nucleus 

encounters between a- ^ ^ 

particles and bodies of 

small size (since these cT (X pa.ru cj^ 

encounters are inlre- 

quent) but heavy charge (since the deviation 
jiroduced is large). These are identical wit h 
t he nucleus whose probable existence has been 
revealed by cathode rav experiments: by 
measurements of the deviations Rutlierfoni 
was able to show that the positive charge on 
the nucleus, using the electronic charge as 
unit, w^as about half the atomic weight of the iion of 

rnctal of which the foil was made. arirle 



a-Particle Tracks. — Both cathode rays and a-particlcs have the 
power ot ionizing gases through which they })ass, that is, they split 
up the atoms with which they collide into negative particles (elec- 
trons) and positive particles. This property can be used to make 
the track of a-particles visible by C. T. R. Wii son’s method, in 
which, by the sudden expansion of a gas saturated with water- 
vapour, dro])s of water arc made to condense on any ions which 
may be yiresent. In this way the track of the particle through the 
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gas can be photographed. In the vast majority of photograplis 
the track is found to be nearly straight and with no abrupt changes 
of direction. In a few photographs, however, the track is seen to 
be forked. The path in three dimensions can be compk'tely deter- 
mined by two simultaneous photographs at right angles, and the 
angle of the fork measured. It is obvious that the fork is due to a 
collision between the a-particle and some body of cf)niparablc mass. 
I'his must be the nucleus, with w'hich we arc now becoming familiar; 
and calculation from the laws of dynamics and the observed angles 
shows that the mass of this nucleus is practically equal to the mass 
of the atom. It therefore appears that the atom consists of a very 
small nucleus, in which nearly all the mass of th(‘ atom is con- 
centrated, with a positive charge about equal (in electron charge 
units) to half the atomic weight, surrounded by a nearly emj)ty 
space containing electrons, wdiich, since the atom as a whole is 
electrically neutral, must be equal in number to the positive charge 
(^u the nucleus. This last conclusion is conlirmed by t'\])eriinents 
on the scattering of X-rays: the power of an atom to scattei X-iays 
is pro])ortional to the number of electrons which it contains-— i.c. 
particles outside the nucleus -and this too is found to be ecpial to 
about half the atomic weight. 

The Nucleus and Astronomy. — The existence oi a dense atomic 
nucleus of very small diameter mav be infened from evidence of 
quite different character. Astronomers have proved that in 
certain stars, the ‘ dwarfs,’ matter reaches (morinous densities — 
about ten ton.^ per cubic inch— far gn-at(T than anv which can 
be reached on the earth. Tliis can be explained only by supposing 
that in the stars atoms can be deprived of most of tlieir volume 
without much loss of mass: this could be achieved by the removal 
of the outer electrons, an operation that cannot be carried out, so 
far as we know, on the earth. 

X-Ray Spectra. — We must now allude to the work ot Moseley, 
who was killed in the war of 1914-18. The researches of I^at^kla 
had already shov\m that the X-rays excited by bombarding an 
element with cathode rays had a penetrating power which was 
characteristic of the clement: the higher the atomic weight of the 
element the greater the penetrating power of the X-rays emitted 
by it. The experiments of Laue had made it ^lear that X-rays 
were a form of radiation similar to light but of very short wave- 
length. Moseley used Bragg’s crystal method to measure the wave- 
length of the X-rays emitted by various elements. The X-ray 
spectrum of an ekmient is not continuous, but consists of a number 
of lines, associated in groujis called the K, L, and M series. In 
comparing the X-ray spectra of different elements we may take a 
corresponding line in the same series in each. Moseley found, as 
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Barkla had, that the wave-length decreased with the atomic 
weight (the shorter the wave-length the greater the penetrating 
power), but he was also able to deduce a quantitative relationslnj). 
This involved not the atomic wvight but the atomic number, wliich 
re])rcsents, with certain exceptions which w'ill be noted shortly, 
the ordinal number of an element in a series of increasing atomic 
w'eights, starting at H -i. 1‘hus tlie atomic numbers of the first 
nine elements are H i; He 2; Li 3; He 4; H 5; C 0; N 7; O 8; F 9. 
Moseley found that the reciprocal of the square root of the X-ray 
wave-length A w'as a linear function of the atomic number Z\ that 


IS, A and Z were coniu'cted by a K'lation of the form 




where a and h arc constants for 


r all elenamts. If \l \ 


is plotted 


against Z a straight line is obtained. 

Atomic Number and Nuclear Charge. -In this way a natural 
ordci of the elements is arrived at based on a property which there 
is every reason to suppose is a fundamental one. It agrees whh 
the order of the atomic w'cights only if the order of the elements 
in the following pairs is interchanged: potassium and argon, nickel 
and cobalt, iodine and tellurium —changes whose significance will 
shortly be ajijiarcnt. It shows that there is some atomic property 
connected w'lth the emission of X-ra3cs w’hich varies in a uniform 
manner fnjiii one atom to the next on the list. It will be observed 
that the atomic number, for all elements excejit hydrogen, is about 
ecpial to half the atomic' weight, and Moseley himself immediately 
grasped the implication. ‘ 1'here is,’ he said, ‘ in the atom a 
fundamental quantity, which increases by regular steps as wx^ pass 
from one element to the next. This quantity can only be the charge 
on the central positive nucleus.’ We shall lelurn to this point. 

Classification of the Elements. — The arrangement of the elements 
in the order of their atomic numbers, which is based on a demon- 
strably regular property, may also b(‘ legardcd as the climax of a 
number of attempts to bring out the periodicity of the j)ropcrtJcs 
of the elements with their atomic weights. More than a century 
ago Dobeheiner ])ointed out that in certain groups of three elements 
with similar properties, w'hich he called triads, the middle atomic 
weight w-as close to the mean of the low^est and highest. As an 
example the alkali-metals lithium, sodium, and iiotassium may be 
quoted; their atomic weights are ()*q, 23-0, and 39-1, and 23-0 is 
the mean of 6-9 and 39-1 (modern atomic w^eights). The first 
attempt to bring all the elements into classification w^as not, how^- 
ever, made till 1863, wdien Newlands published his law of octaves, 
which stated that w^hen the elements were arranged in the order 
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of their atomic weights those of similar properties were separated 
by SIX places: 

Li Be B C N O E 
Na Mg A 1 Si P S Cl 
K Ca etc. 

Unfortunately Newlands associated his theory witli a somewhat 
fanciful allusion to the (jctave of the musical scale, and it was 
coldly received: indeed the ironical suggestion was made that lie 
should try the effect of arranging the elements in the alphabetical 
order of their initial letters. Somewhat greater intenst was aroused 
by the classification indt'pendently put forward by the Russian 
Mendelkkff in iShg. Mcndeleeff's table contaiiuui several blank 
spaces which he assigned to elements at that time iindiscova-red, 
and he boldh* predicted the properties of three of these elements 
on the basis ol the jiroperties of their neighbours in his classiheation. 
Within a few years the three elements wi^re discovered, and a study 
of their properties showed that Mendeleetf’s predictions were abund- 
antly verified. Germanium, discovered m 1886, was described by 
Mendeleeff in 1871, fifteen years before its discovery, as an element 
with an atomic weight of about 72 and a density of about 5-5. 
Its oxide, of formula MO.^, was to be a refractory white solid witli a 
density of 4-7, and it was to be feebly basic; its fluoride ME4 was 
to be a liquid with a boiling-point below that of water and a density 
of i-g. All these ])rcdictions weic true, and others were made 
which were cithiT true or nearly true ol the then undiscovaTed 
elements scandium and gallium. 

Anomalies in the Periodic Classification. — From that timi^ on the 
periodic table has been generally accepted, though, until Moseley’s 
work and after, its significance was quite obscure. There were 
three anomalies in the table: 

(i) If the order of the atomic weights is taken, three ]xiirs of 
elements fall oiii of order, and have to be interchanged, but if 
Moseley's atomic numbers are taken, this anomaly disappears. 

(ii) No satisfactory place can be found for hydrogen. 

(iii) The rare earth elements do not fit into the table, and have 
to be accommodated in a separate division of it. All these 
anomalies are in satisfactory agreement with modern theories 
of atomic structure. 

The Periodic Table. — Several methods of arranging the periodic 
table have been suggested ; we reproduce one of the best. The figures 
are the atomic numbers, and the anomalous order of the atomic 
weights of the pairs K and A; Ni and Co; I and Te, should be 
verified from the table of atomic weights. The horizontal rows 




The Periodic Tabi e (after Werner, 1905) 

The Rare Earth Elements Atomic numbers 59 to 71 inclusive. 
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are called periods, the first two the short periods, the others the 
periods. The whole table is also divided vertically into groups 
numbered from O to VII, the first member of each group being an 
element of the first short period, as follows: 

Group O I II III IV V VI VII 

Element He Li Re B C N O V 

The elements connected with these either vertically or oblitpu'ly 
belong to the same group, so that Group I includes Li, Na, K, Rb, 
Cs, Cu, Ag, and Au. TIk^ first two elements in Groups I to VH 
are called the typical elements of their group, and after these the 
left-hand branch is called Subgroup A, the right-hand branch 
vSubgroup B. The elements enclosed by a dotted line witc called the 
transition elements, and are sometimes classified as Group Vi II. 
The section labelled ‘ rare earths * includes the thirteen elements 
with atomic numbers between 58 (Ce) and 72 (Hf), and is not classi- 
lied with any group, though often considered with Grou]) HI. 
Lanthanum, cerium, hafiiium, and (less correctly) thorium are some- 
times classified with the rare earths. In this book cerium, hafnium, 
and thorium vill be included in Group IV, the remainder in 
Group III. 

The object of the* ])erindic table is to bring out the similarity 
in chemical and phvsical prc)})erties between elements of the same 
group, and the gradual change in properties in passing up or down 
one group or in passing from one group to the next. Nearly all 
properties of the elements and their compounds are in some degree 
periodic, though there are important exceptions, such as the specific 
heat (p. 6(;) and the X-ray spectrum. It is not proposed to give 
an extensive discussion of these points here. The periodicity of 
properties is made the basis of the succeeding chapters, and the 
full meaning of the periodic table will be understood only when 
we have dealt with the phenomena of radioactivity and the 
theory of atomic structure. It should, however, be noted that 
the maximum valency of an clement usually corresponds with the 
number of its group, so that in the long periods the valency series 
from I to VII is gone through twice: the valency of the metals in 
Group VIII is variable. 

Radioactivity. — Becquerel, in the course of a study of fluores- 
cence, observed in 1896 that certain compounds of uranium emitted 
radiations which would blacken a photographic plate wrapped in 
opaque paper and ionize the air in their neighbourhood. In the 
previous year Rontgen had announced the discovery of X-rays, 
which were to play so important a part in atomic physics, and 
radiations of all known types were being eagerly investigated in 
the laboratories of the world. The intensity of the radiating power 
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of uranium compounds was measured by the rate of discharge of 
an electroscope in the ionized air surrounding them, and Mme 
Curie showed this power to be a property of the uranium atom, 
or of some atom closely associated with it, since it a})peared to be 
unaffected in magnitude by the state of chemical combination of 
the element, and depended only on the percentage of uranium 
which the compound contained. With some uranium minerals 
anomalous results were, however, obtained, and their radiating power 
was found to be greater than that calculated from their uranium 
content. A search was therefore begun for an unknown element 
present in uranium minerals, but absent from pure uranium com- 
pounds, to which the extra activity could be attributed. The 
impurities in the minerals under investigation included compounds 
of barium, and when the barium was precipitated as sulphate the 
whole of the additional activity was found to be concentrated in 
the precipitate. The separation of the new element from barium 
proved to be difficult, and methods of fractional crystallization of 
the salts, such as arc used in the separation of the rare earths, 
had to be resorted to. In this way it was possible to obtain the 
pure bromide of the new element : it was called radium. 

Isolation of Radium. — The original process for the isolation of 
radium compounds is followed with some modifications at the 
present day. The uranium ore, from which insoluble impurities 
have been removed, is dissolved in dilute hydrochloric acid, and 
the barium and radium are precipitated together as sulphates. 
By prolonged boiling with constantly-renewed sodium carbonate 
solution these are converted to carbonates, which are then redis- 
solved in hydrochloric acid. The sulphate precipitation is then 
rejDeated once or twice until all the lead and calcium have been 
removed. Radium chloride is less soluble than barium chloride, 
wffiich itself is not very soluble, and by fractional crystallization of 
the chlorides the radium compound can be obtained pure; some- 
times the bromides are used instead. Radium usually comes into 
commerce as bromide, which is always carefully dried and enclosed 
in sealed glass tubes. 

Properties of Radium. — Whether in the metallic state or in 
combination, radium was found to possess properties which dis- 
tinguished it from all known elements. Not only were its radiating 
powers enormously more powerful than those of uranium, but it 
gave out what appeared to be an inexhaustible supply of heat — 
more than a hundred calories per hour per gram of radium. Still 
more astonishing was the fact that the rate of evolution of heat was 
entirely independent of the temperature — the experiments ranged 
from —250° C. to 1000° C. — a result which precluded the suggestion 
that a chemical change of the ordinary type was taking place. 
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Like uranium, radium was unaffected, as regards its radiating 
powers, by its state of combination, and the observed facts all 
pointed to some internal change in the atom as the source of the 
phenomena 

The Radiation from Radium. — Investigation ot the radiation 
showed that it was not homogeneous, and could be scyiarated by 
the operation of a strong transverse magnetic field into three types, 
always denoted by the letters a, /3, and y. The a-rays were positive 

particles of feeble penetrating power 
trax'elling with a v^elocity of not more 
than 20,000 km. per sec., which, though 
very high com])ared with terrestrial 
s])eeds. is small compared with that of 
cathode rays or of light. In spite of their 
low velocity they were less dedccled by 
a magnetic field than were the much 
faster ^-rays, and this indicated a greater 
momentum and consequently a much 
greater mass. The range of the a-rays 
in air was less than lo cm. 

The jS-rays were lound to be similar in every respect to cathode 
rays, and were in fact electrons movdng with high velocity: their 
]"»enctrating y:)ower, though greater than that of the a-rays, was still 
small. The y-rays were imaftected by a magnetic field and were 
at the time of their discovery correctly supposed to be radiation of a 
non-material nature similar to X-rays. We now know that both 
y-rays and X-rays differ from light only in their shorter wave- 
length; that of the y-rays is (with the exception of Millikan's 
‘ cosmic rays ’) the sliortest known for any type of radiation. Their 
penetrating power consecpiently exceeds that of the most pene- 
trating X-rays. 

The Disintegration Theory. — Further study of the o-rays revealed 
a fact of altogether fundamental importance to the theory of 
chemistry. They were shown to be identical with the positive 
rays produced in helium discharge tubes, and to consist of helium 
atoms from whicli two electrons had been removed. I'his was 
proved not only by measurements of the ratio of charge to mass, 
but also directly by Rutherford, who enclosed a radioactive sub- 
stance in a very thin glass tube surrounded by an outer tube whose 
contents could be spectroscopically examined by passing a spark 
discharge through them. In blank experiments it was shown that 
helium in the uncharged atomic state could not leak from the 
inner tube to the space surrounding it. If the radioactive substance 
was admitted to the inner tube and the outer tube was exhausted, 
after some hours helium could be spectroscopically detected in 



Fig The Radiations 
FROM Radium in a 
Magnetic Field 
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the latter: a-rays had penetrated the thin glass by virtue of their 
velocity and must therefore consist of charged atoms of helium. 
This was the first authentic proof of the disintegration of one 
element into another — it came rather less than a century since 
Dat-TON, in announcing the atomic theory, had stated that atoms 
were indivisible. 

For the examination of a-rays from radioactive substances an 
ingenious device called the spinthariscope is available. This consists 
merely of a screen coated with zinc sulphide or barium platino- 
cyanide, substances which emit flashes of light when struck by 
a-particles. Under suitable conditions these flashes can tie ctiunted 
with a microscope, and in this way the rate of emission of a-particles 
from a known mass of the substance can be calculated. If we 
assume that the rate of formation of helium from radium, like all 
other radioactive changes, follows the imimolccular law, it can be 
shown that radium is a comparatively stable substance: its half- 
life period (i.e. the period after which only half of the original 
quantity remains) is about sixteen centuries. Helium can scarcelv 
be the sole material product of radium disintegration, and still 
another new element was detected in very small quantity in 1900 
by exposing a radium preparation to low pressure. It is a heavy 
gas (its density has been directly measured with a special balance) 
to which the name radium emanation or rado 7 i is given. It must be 
understood that the object of the reduced pressure is to remove 
the accumulated gas from the solid; the rate of production of 
emanation appears to be independent of external conditions. 

Radium and the Periodic Table.— The two new elements fit with- 
out difficulty into the periodic table. Radium has an atomic weight 
of 22t) and an atomic number ol <S8; it closely resembles barium in 
jiroperties and is obviously the heaviest member of Grou]) II. 
The proof that radium is a true element is important, since it might 
otherwise be supposed that it was a helide of radon. The distinc- 
tion betwt‘en radioactive disintegration and chemical change will 
be clearer when the structure of the atom has been considered. 
In emitting a helium atom with two jiositivc charges radium has 
reduced the positive charge on its nucleus, and hence its atomic 
numb'^r, by two, so that we should expect the atomic number of 
radium emanation to be 8() and its atomic weight to be 226 — 4 
(the atomic weight of helium) -- 222. The experimental determina- 
tion of the atomic weight of emanation was very difficult, on account 
of the minute quantities available, and the early results varied from 
220 to 223, but an examination of its chemical properties showed it 
to belong to the inert gas group, in which it follows xenon; its 
atomic number is, as anticipated, 8b. 

The heat produced by radium is the heat of disintegration and 
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can be calculated per gram-atom when once the approximate rate 
of disintegration is known. The calculation shows that the change 
Ra->He-fRaEm evolves calories, a figure so enormously in 
excess of ordinary heats of reaction that it alone would be sufficient 
to prove that the disintegration of radium was not an ordinary 
chemical change. Emanation itself decays much more rapidly 
than radium; it emits a-particles and produces radium A, a solid 
element with an atomic number of 86—2—84, which brings it 
into Group VI, Subgroup B, in the place below tellurium. The 
rate of decay of emanation can be accurately measured, since it 
proceeds fairly rapidly, by observing the intensity of the radiation 
from a fixed quantity, and has been found cxactlv unimolccular, 
which provides further evidence, if any is needed, that some internal 
change in the atom is taking ])lace. 

The Radioactive Series. — Radium A, though a solid substance, is 
u.siially obtained in such minute quantity as to be invisible, but 
can readily be detected by the intense radiation it emits; its half- 
life period is only three minutes. Its disintegration products are 
helium and radium B, whicli, as would be expected, is an element 
of the f(nirth group. The further disintegration of this substance 
into radium C is accompanied by the emission not of a-rays, but 
only of /?- and y-rays. If the ^-ray electron has come from the 
nucleus, the positive nuclear charge has been iiK'rcased by one 
unit, and the atomic number has gone up by one; instead of a 
displacement of two places to th(‘ left in the periodic table, such 
as accompanies an a-ray emission, we have a displacement of 
one place to the riglit, and radium C, with an atomic number 
of 83, appears to fall in the place in the fifth group allotted to 
bismuth. 

There are obvious difficulties in the examination of the short- 
lived radioactive disintegration-products, and their existence is 
usually inferred from the shape of the disintegration-curve of the 
parent substance. If the product is comparatively long-lived, this 
will approximate to the true unimolecular shape; if it deviates, 
the half-life periods of the products can be calculated from the 
deviations. In this way a complete disintegration series of radium 
has been established. Radium itself is a disintegration-product, 
through several intermediate substances, of uranium, whose half- 
life period, calculated by the spinthariscope method, is about five 
thousand million years. If radium were not continually being 
produced from uranium, the supplies of radium in the world would 
long since have disintegrated and vanished; the great scarcity of 
the element is due to the rapidity of its disintegration compared 
with that of the parent elements. It can be shown by calculation 
from the unimolecular disintegration formula that in undisturbed 



RADIOACTIVITY AND ATOMIC STRUCTURE 309 

aranium minerals the ratio of radium to uranium ought to be a 
constant equal to the ratio of their half-life periods, and this is 
found to be correct. 7'hc ratio is about tliree million to one in 
favour of uranium, so the hope of discovering uranium minerals 
with large percentages of radium is illusory. Since the atomic 
weights of uranium and radium differ bv about twelve units the 
intervening changes must involve the emission of three a-particles 
per atom. This would reduce the atomic number by 3x2 — 6, 
and since the actual change is only 02 -tSSr . 4, two iS-ray emissions 
per atom must also have taken place. Tlie immediate parent of 
radium was isolated in 1907; it is an element in Group IV, Subgroup 
A, which has been given the name ionium, and disintegrates into 
r.'Klium with the emission of an a-particle, the half-hfe period being 
about a hundred thousand years. 


I'lcnient 

A tomic 

Pruudre Tabic 

Atomic 

Half-hfe 

Radia- 

N umber 

Group^Suh^rouf^ 

Weight 

Period 

tion 

lirdiiium 1 

u.> 

VI 

A 

238 

5 X 10" yr 

a 

I ’ranium 

UQ 

IV 

A 

231 

24 ’5 days 

f) 

UiMiuiim Xjj 

91 

V 

A 

231 

1-14 min 

P 

Uranium 11 

<)2 

VI 

A 

231 

3 X 10^ -yr 

a 

louium 

QO 

l\ 

A 

230 

7*0 X 10* vr 

a 

Uadi uni 

88 

11 

A 

22b 

1 590 yr 

a W 

Uadiuni Kmanation , 

8 (> 1 

0 

— 

22 2 

3-8 days 

u 

l^adium A 

84 1 

\ I 

B 

218 

3 nun 

a 

Ti ' 

82 1 

IV 

B 

214 

27 mm 

fi.Y 

•* 

! 

\' 

B 

2 J 4 

20 mm 

Y 

,, r/ 


VI 

B 

214 1 

10"® sec 

a 

i ” 

82 

JV 


1 210 

22 yi. 

/ 3 . y 

1 K 


\' 

P. 1 

210 

4 85 days 

iS. Y 

1 ,, K (Polonium) 

84 

VI 

B I 

210 

135 days 

a 

(1 (Kadiiini-h'ad) 

82 

JV 

B 1 

20b 

— 

— 


Theie is dlso a braiu h (nut shown in tan table) bum radium C: it will be 
alluded to latei (jjp 312, 313). 


Tuk Kadjum Skuils 

It will be observed that the emission of an a-parlicle causes a 
reduction of two in the atomic number and four in the atomic weight, 
while the element moves two groups to the left in the periodic 
table. The emission of a /S-ray, on the other hand, leaves the atomic 
weight unaffected but increases the atomic number by one atul 
causes the element to move one periodic group to the' right. The 
explanation of these changes has already been given, but it should 
be noted that the jS-rays emitted by radium itself do not have 
Ihcir origin in the nucleus and consequently do not affect the 
atomic number. Such secondary radiation is not a very general 
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phenomenon, though other exainp)les are known. The atomic 
weights have been calculated by the considerations just outlined 
from the exj)erimental values of uranium, radium, and radium G, 
which, as will shortly be shown, is a fonn of lead. It will also be 
noticed that y radiation is always associated with the expulsion 
of a ^-particle from tlie nucleus, and appeal's indeed to be caused 
by it. The cliemical properties of these elements, in so far as 
they hav(' been examined, are m agreement wath the positions 
assigned to them in the periodic table. 

Geiger’s Law. —It is obvious that a half-life ]ieriod such as to~® 
seconds cannot be measured by observing changes m radiation 
intensity. Our knowledge of such short periods is due to a relation 
discovered by Geigkk between the velocity ot emission of an 
a-ray and the half-hle ])criod of the element emitting it, viz. the 
logarithm of the range of the a-ray (which depends on the velocity 
of emission) is for all elements in the same series a linear function 
of the logarithm of the half-life period. It is penhaps natural that 
rapidly disintegrating elements should emit their a- particles with 
high velocity, and the law has received a theoretical explanation. 

The Thorium Series. — A similar series ot changes is undergone 
by the element thorium and its disintegration-]iroducts. The 
activity of thorium itself is comparable w'ith that of uranium: the 
facts will be found in the following table: 


Element 

Atomic 

Penoihe 2 able 

A tonne 

Half-life 

Endta- 

Number 

(houp ^^Sub^roup 

Wright 

l^criod 

lion 

'I'honum 
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14 • 10'" 
ye.iis 

a 

88 
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6-1 liours 

(3 
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A 
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88 

11 

A 

224 

3-0 days 

a 

„ Emanation 

86 

0 

— 

220 

55 sec 

a 

p. A 

84 

VT 

11 

2 

0-14 sec 

a 

pp H 

82 

IV 

B 

212 
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f 3 , y 

.. C 

S3 

V 

H 

212 

[I hour 

ft 

pp 

84 

VI 

B 

2 T 2 

10' ’ sec. 

a 

pp J-> 

( 1 lR)num-Ica{l)| 

i 82 

IV 

B j 

208 




The Thorium Series 


There is also a brnneh between Th C and Th D through an element 
called Th Qf (see pp 312, 313). A thud sericb of radioactive eleiiunts ib 
known, including prol actinium, atomic number 91, and passing through 
actinium, atomic number 89, and other elements, to actinium D (actinium- 
lead), atomic number 82, atomic weight 206, but they will not be discussed 
here. 
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Structure of the Atom. — At this static it will be well to sumniaiizc 
the conclusions at which we have arrived as to the structuie of 
atoms. 

(i) An atom consists ot a dense, small nucleus, positively 
charged, in winch almost the whole of the mass of the atom 
is concentrated, surrounded by electrons in cianparatively 
empty s]Kice. 

(ii) The iK't positive* charge on the niKleiis is equal (in electron 
units) to a quantitv called the atomic nnnibt'r, tlie ordi‘r ot 
tlu* atomic numbers being nearly, but not (iuit(\ the same 
as the order of the atomic weights. Since the atom is 
elect ri('ally neutral, the atomic number is also equal to the 
number of electrons outside the nucleus. 

(iii) If it were assumetl that nuclei ate composed eiitua iy of tirotons 
and eh'ctroiis, the .itoinic vv(‘ight should be equal to the 
total numbei of juotons m the nucleus. The fact that 
some atomic weigliLs (e.g. ciilorine, 35*^57! deviate widely 
Irom whole niiinbeis is a difficulty :hat we ha\’^ not yet 
faced. 

(iv) Nuclei ol natuiMlly (H'ciirnng (‘lements ot atomic number 
higher than 83 dis})lay radioactivity, which consists in the 
e.v])ulsiou of charged particles from the nucleus, accoiii- 
paiiied by radiation of a non-material kind. 

v) Elements arranged in the order of I heir atomic mimbeis 
show a periodicity m tlieir chemual piroperties In the 
three places where tlu* older of the atomic numbers differs 
from that of the atoinii' weights, the foimer is the correct 
ordi'i —judging by jiroperties- -aufl the latter is nr^t, d'his 
fact indicates that chenucai properties depend rather on 
atcunic number than on atiainc weight. The atomic number 
is the number of t*I(‘ctron^ outside the nucleus, and since 
these are the only parts of an atom with which other atoms 
are likely to come in contact there is nothing sin prising in 
this conclusion. 

(vi) A study of the radioactive elements appears to slunv that 
at least m this })art ot tlie tal>le tw^o or more elements can 
share the same atomic number or the same atomic weight. 
This conclusion is altogether contrary to the tenets of 
nineteenth-century chemistry, but it was verified by Soody 
ill iqiq. 

Atomic Weight of Lead.- An examination of the thorium and 
1. 
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radium series in the light of the periodic table suggested that the 
final product ol each was lead. The available quantities of pure 
material were far too small for the direct determination to be made, 
but lead was found associated with both uranium minerals and 
thorium minerals, a circumstance which itself suggested a radio- 
active origin, d'he atomic weights of both radium and thorium 
were known with a satisfactory degree of accuraev, and the atomic 
weight of lead derived from them could readily be calculated on 
the disintegration hypothesis. Between radium and radium G 
(the hypothfdical radium-lead) five a-particles arc ejected per 
atom, so the atomic weight of tlie latter should be 22C)- 5x4=200. 
Between thorium and thorium D ('thorium-lead ') six a-partkles 
are ejected per atom, so the atomic weight of lead derived from 
thorium should be 232*1- 0x4 -208-1, a difference of mc>re 
than tw'o units w'hich should be verifiable by experiment. The 
determination was undertaken by Soddy in England, Honiu- 
SCHMID ill Vienna, and Richards in America, and all tin* results 
were in agreement with tluMiry. I'lie highest atomic weight so 
far recorded for lead is 207*9, measured by ilonigschmid, using 
lead from a Norwegian thorium mineral; the low'cst is 206*0, also 
measured by Konigsehmid on lead from pitchblende, a uranium 
mineral. 

Isotopes.— The facts showed that lead could exist in two forms 
of different atomic weight but identical chemical properties and 
atomic number, and contemporary theory suggested that the atoms 
differed in the total number of positive charges and the total 
nurnber of electrons in the nucleus, the net ]X)sitive charge on the 
nucleus being the same for each. The atomic weight of ordinary 
lead is 207*22, but the closest investigation failed to detect any 
dilfercnce in the chemical behaviour of the three forms. Attention 
was also given to those elements of tlu* radioactive series wdiich 
had tlie same atomic number and could be obtained in quantity 
sufficient for investigation. Such pairs of elements were radium 
and mesothorium i, both with atomic number 88, and thorium and 
ionium, with atomic number 90. They were shown to have identical 
chemical proper! ie,s but different atomic wxights, and for such 
substances Soddy proposed the name tsnfofies. They differ in 
properties, such as density or radioactivity, which depend on the 
dimensions of the nucleus, but an* identical in all properties dejiend- 
ing on the extranuclcar electrons, including chemical properties, 
atomic volume, electrode potential, and X-ray syiectrum. The 
possible number of isotopes wath a given atomic number is by no 
means limited to twai; lead, for example, includes not only radium G, 
with atomic w^eight 206, and thorium D (208), but also radium D 
(210), thorium B (212), and radium B (214). When discussing the 
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radium series we pointed out that there was a branch at radium C. 
In addition to its transformation into radium C by the loss of 
a ^-particle, another change can be undergone by radium C, in 
which it loses an a-particle and becomes radium C", an element 
with a half-life period of two minutes which disintegrates with 
the loss of a jS-particle into radium i). It has been shown that out 
of io,(K)o atoms of RaC disintegrating only 4 atoms lose an 
a-particle to give RaC". By either route r>ne a-j>article and one 
^-ray are involved, and Rali (210) is the common product. Alter- 
native transformations arc not always so disparate, for 65 per 
cent of ThC gives ThC/ l)y ^-ray change, and 35 ]jcr cent gives 
TliC" by loss of an a-particle. I'lic stable and inacti\'e thorium-lead 
('I'liD, 208) is finally produced by each route, ThC' losing an 
a-particle, and Tli(!" stiilVring a p-rtiy change. It is now thought 
that alternative behaviour of the kind shown by Rat' and Th(' is 
not conditioned by any structural difterence or ‘isomeiisrn' in the 
nuclei, but by a diffeK'nce energy states. 

The Mass-spectrograph.- -Since lead, which has no radioactive 
properties, exists in isotojiic modifications, it i^ reasonable to 
sup]X)Sc that the occurrence of isoto])es is not confined to the 
ladioactive (dements and will lie found in other parts of the ]>eriodic 
table. The chemical propeities ol isotojies are identical, so that 
chemical methods of sejiaration are useless, and since a century of 
atomic weight determinations had brought to light no element, 
with the single exception of lead and tlio radioactive substances, 
whose atomic weight was not invariable, this method of attack 
seemed equally unpromising. Successful separalions of isotopes 
will be discu:bsed shortly, Ihcir dctecHun can be accomplished by 
a modification of Sir J. J. Thomson's original a-ray method (p. 297). 
In describing that method w'e mentioned that a few' of tlie results 
had received no satisfactory explanation; among them wars the 
trace of a particle in neon tubes with a ratio of mass to charge of 22. 
The suggestion that tlris was aue to carbon dioxide molecules 

(from stop-cock grease) wal h a dcjuble charge — 22^ was disproved 

by cooling the gas with liquid air, which removed the carbon dioxide 
particle wath a single charge (44) but left the line at 22 unaffected. 
It was therefore suggested that this trace was due to an isotope of 
neon with an atomic weight 22: on tins hypothesis ordinary neon, 
whose atomic weight is 20- 183, is a mixture of isotopes of atomic 
weights 20 and 22, with perhaps others as well. Similar considera- 
tions could be applied to other elements, but for this purpose an 
apparatus was required in which the ratio of mass to charge could 
be determined with great accuracy. This was constructed by 
Aston, to whom we owe much of our knowledge of isotopes: it is 
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an improved form of the apparatus used by Sir J. J. Thomson and 
IS called the mass-spectrograph. 

The discharge tube has an aluminium cathode (earthed) with a 
central perforation through which stream the positive rays. The 
beam is reduced to a thin ribbon by two very fine slits in aluminium 
blocks. In order to minimize collisions between the positive rays 
undei investigation and other gas molecules, which confuse the 
re.su Its, the pressure in the space between the camera and the 
discharge tube is kept as low as possible by means of two charcoal 
tubes cooled in liquid air, one connected to the camera, the other 



Fig q7 Aston's Mass-spectrograph (Diagrammatic) 


between the slits. The discharge tube itselt, after a little ot a 
volatile compound ol the element to be examined has been adriiil ted 
to it, IS evacuated with a mercury pump until only a trace oi the 
contents lemains Alter passing the slits the beam is subjected 
to electric and magnetic fields, not tiansverse, as in Sii ). ]. 
Thonrson’s apparatus, but in opf)osite directions. These fields 
produce a deviation, which can be measured from the photograjihic 
plate at the end ol the apparatus, and from which the ratio of mass 
to charge can be calculated, with the help ol the trace of a reference 
element such as oxygen, by a somewhat complicated procedure 
which we will not describe here; full details will be found in Aston's 
book on Isotopes. Oilferent isotopes of the same element, since 
then positive particles have not the same masses, will clearly 
strike the plate in different spots. 

Many metals have no sufficiently volatile compounds lor use b> 
this method This difficulty can be overcome by fusing a salt 
of the metal on the anode it. sell, which is made of platinum foil 
and IS strongly heated by an indejiendent current The positive 
particles obtained in this way from metallic salts are simply the 
particles which in solution are called ions. The necessity of using 
the hot anode apparatus can, howcvei, often be avoided with the 
help of such substances as boron trifluoride, arsine, or iron carbonyl. 
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All volatile compounds are sufficiently (Iccomposed in the discharge 
tube to furnish a supply of positive particles. 

Results have also been obtained in America by Dempstek, using 
a mass-spectrograph of different design in which the intensities 
of the spots caused by different isotopes, and hence the relatives 
;il)iindance of eacli m the element, ('an be measured electrically. 
In the following table are given the lat(‘st values of the atomic 
weights of all the elements, together with the mass-mimhcrs of all 
the isotopes which have b(‘en detect(^d ii]) to the time of writing, in 
the order of their abundance. I'he mass-number of an isotope is 
the nearest integer to its atomic weight. Rare isotopes are in 
brackets, and isotopes of the radioactive elements are not 
included. 


Atomic' NcMriFRs, Akjmk' W'Frc.riTs, and Isotopes 
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Atomic 
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Uses of the Mass-spectrograph. — 'fhe niass-spcctrop^ra})!! is now 
so accurate (one p«'\rt in ten tbousaiul of mass) that it is used in 
analysis, e.g. ol the traces of iinjiurity ])rescnt in cop]xT to be 
Used for electrical work. It also n\als chemical methods of atomic 
weight dedennination, and has two advantages over them: tlic 
atomic wcaght is dc'termined direcdly, not through the' equivalent, 
and the results are not atfected by trace's of impurity. But since 
elements of which isoto])('s exist are mixtures of these isotopes in 
ccjiistant proportions, the rc'lative ]>roportions of each isotc^pe 
must be known before the chemical atomic weight can be calculated 
from the mass-sj^iectrograjih rc'sults. I'hus if the numbers of 
chlorine atoms with atomic weights 34*980 and 36*978 are as a 

T , . ■ ■ 1 • 3 -|*0t>Ofi! I V)-q 87 h _ . ^ j 

to the atomic weight is ' - — , ' - - — » and the ratio ol a to 0 

must be known before this can bc' evaluated. It was at one time 
suppexsed that with the single exception of hydrogen all isotopes 
had integral atomic weights on the oxygen scale. This integer was 
called the mass-mmihcr. Recent relinements in technique have 
slujwn this to be untrue, but the' atomic weights arc all very close 
to whole numbers. The weakest link in the calculation of atomic 
weights from the results of the m ass-spec tiograph is the measure- 
ment of the, relative intensity of the spots on the photographic 
plate due to each isotope, but accurate results have nevertheless 
been obtained. The atomic weight of beryllium was formerly 
given as 9*1, but the mass-spectrograph showed this element to 
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have no isotopes and to be of mass-nuniber g. Revision of the 
ch(‘mical method gave the value ()-o2. Similarly tlie formc^r value 
of 120-2 for the atomic weight of antimony could not be reconciled 
witli the existence of two isotopes of mass-numbers J2i and 123 
and approximately equal abundance: the new value, as determ inc(l 
l)y chemical analysis, is 121*76. Other examples could be 
given. 

It can now be understood how it is possible for differences to 
occur in the order of the atomic numbers and atomic weights: how, 
for instance, argon can have a lower atomic numl)er than potassium 
but a higher atomic weight. The isotopes of argon have mass- 
numbers 36, 38, and 40, but the la.st is so enormously more abundant 
that the atomic weight is 39*944. The mass-numbers of the ])otas- 
sium isotopes are 39, 41, and 40, but in this element the lightest 
isotope greatly predominates, and the atomic weight, 39*100, is 
considerably lower than that of argon. 

Atomic Number and Atomic Weight.— The discovery of isotopes 
has rcdiK'cd the significiince of atomic weights. The most important 
const ants of any individual atom are its mass-number and its 
atomic number, detennining respectively its mass and its chemical 
properties (and to a great extent its physical properties as well). 
The chemical atomic weight is a statistical mean not expressing the 
mass of any actual atom unless no isotopes exist, and depends only 
on the relative proportions of the isotopi' mixture. It is a remark- 
able fact that if we exclude lead, which is unique in being partially 
derived from radioactive elements, then^ is little evidence that 
this proportion is not constant for all elements. We must sup- 
pose either that the isotopes of all elements have been, in tlu' 
course of uges, so thoroughly mixtid that it is now impossible to find 
any trace of local excess, or that all elements have been produced 
by processes which result in a mixture of isotopes in constant pro- 
portions. Even the elements present in meteorites, which probably 
have their origin outside the earth, have atomic weights indis- 
tinguishable from those familiar to us. Among terrestrial elements 
the most refined measuiements, both before and after the discovery 
of isotopes, have failed to bring to light the smallest difference in 
the atomic weights of different samples. The importance of atomic 
weights in chemical calculations is therefore quite unaffected by 
recent discoveries. 

Isobars. — To elements with the same mass-numbers but different 
atomic numbers the name isobars is given. An example is afforded 
by the most abundant isotopes of argon and calcium (mass-numbers 
both 40, atomic numbers 18 and 20 respectively). The ejection 
of a / 5 -ray always results in an isobar, since the mass of the nucleus 
is thereby unaltered. To preserve the electrical neutrality of the 
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atom an electron must be obtained from the surroundings; it docs 
not, however, reach the nucleus but remains in the outer parts of 
the atom. The ejection of an a-particle causes a rexluction of two 
in the atomic number, and is accoTn])anied by the loss of two 
electrons from the outer parts of the atom. The expulsion of a 
j9-ray might be likened to the formation of a univalent positive 
ion from a metallic atom, since in both the atom loses an electron 
and hence acquires unit positive charge; but the processes are 
essentially unlike, since in the first the electron comes from the 
nucleus, in the second from outside it. Ihis can be proved by 
examination of the products of such changes, for radioactive, 
elements are known which can lose electrons either as /i-rays or in 
the formation of positive ions, but the jiroducts are not isotopic. 
This IS one of the reasons for believing that the /?-rays do come from 
the nucleus and not from outside it. 

The isobaric isotopes have already Tecei\’cd attention (p. 313). 

Separation of Isotopes. — It is certainly a remarkable tact that 
lead IS the only element oi which naturally-occurring samples of 
different atomic weight are known, and these abnormal samples ul 
radioactive origin are but a small proportion ol the total supplies 
of the element. 'I'o separate the isotopes of other elements we 
have to rely on differences in properties, and apart from radioactive 
propierties (it any) and minute differences of spectrum only density 
differences are available, together with properties such as rate ol 
diffusion or evaporation which depend on derisitv. The first 
attempts at separation were directed to gaseous elements whose 
isotopes were knowm to tiave tairlv large percentage differences in 
mass-number and to be present in reasonable proportions — i.e. 
neon (20 and 22) and chlorine (35 and 37). The rate of diffusion 
is proportional to the square root ot the molecular weight, and 
consequently in any one ditfusion operation only a very small 
separation is achieved, but by long-repeated fractional diffusicn 
Aston w'as able to separate neon in 1913 into two tractions ot 
density 20*15 and 20-28, m spite of the accidental loss of the whole 
ot the lighter traction at an advanced stage ot the work. I'his 
was the hrst artificial separation ot an element into its rsotopes; 
like many subsequent se]iarations it was incomplete, but the 
diffeience was Too large to be accounted lor by expierimental error 
In the tollowing years Hakkins in America partially separated the 
isotopes of chlorine by the fractional diffusion ot hydrogen chloride. 
He passed no less than i9,Ov)o litres of gas through the apparatus 
and so was able to secure highly fractionated samples in sulhcient 
quantity to measure their density. The density ot the heavier 
traction was o*i per cent above the normal. 

Another separation method which has been applied with success 
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depends on fractional evaporation. The molecules escaping from 
a liquid are condensed on a glass surface cooled with liquid 
air and kept about a centimetre above the liquid. The lighter 
molecules tend to eva])orate first and preponderate in the liquid 
condensed. BkOnstfj) and von Hevf.sy applied this method to 
the slow eVcq)orati(m of mercury at .:^o'^ to bo'^ in a high vacuum 
and obtained a density difference of one part in two thousand, 
and also worked on aqueous solutions of hydrogen chloride at —50°. 
The atomic weights of the chlorine contained in the two samples 
differed by o-oj. Harkins and MoiniMicR also produced a sain])le 
of mercury whose atomic weight differed by 0*189 unit from that 
of ordinary mercury. 

Radioactive Indicators.- Panictii and von Hevf.sy have worked 
out ingenious methods by which the radioactive isotoj)es, winch 
can be detected in the minutest quantities with the electroscope, 
are used to indicate the presence of the inactive elements wdth 
which they W’ere originally mixed. I'hus if the soil in which a 
plant is growing is impregnated with a compound of lead containing 
a little thorium 1^, it is possible to follow flic lead through the ])lant. 
In tlie same way the existence of a volatile hydride of bismuth has 
been inferred from the activity detected in the gas from a Marsh 
apparatus containing compounds of bismuth mixed with a little 
thorium C. If lead nitrate containing a little thorium B is dis- 
solved in pyridine and mixed wdth a pyridine solution of inactive 
lead chloride?, the isotope distributes itself impartially betw^een the 
chloride and nitrate radicals when these are separated, thereby 
showing that a fiee exchange of lead ions must take place between 
them. This has been advanced as a conhrmation of the ionic 
theory. 

The extreme sensitiveness of the tests for these substances has 
been used in the determination of the solubility of the insoluble 
salts of lead. The weight obtained by the evaporation of a saturated 
solution is estimated with the electroscope. 

Artificial Disintegration of the Elements. — Radioactive disin- 
tegrations cannot be accelerated by any means yet discovered, but 
after the nature of the disintegration process had been grasped a 
search was made for weapons with which to attack the nuclei of 
non-radioaclive elements. The a-particlc w’as the most promising, 
for though its velocity is less than that of the /:J-])article yet its 
momentum and kinetic energy are much greater. Elements were 
therefore exposed to bombardment by a-pai tides from a radioactive 
source, and the first artificial disintegration of an element was per- 
formed ill iqio bv Rutherford. 

The apparatus was very simple. A little radium C, the source 
of the a-particles, was mounted on the end of a movable rod A, 
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which also carried, at B, some foil of the metal to be investigated, 
or one of its compounds in powdered form in the case of a non- 
metal. Gases could be examined by removing B and filling the 
chamber with the gas. The jS-rays were deflected by a magnetic 
field, but the positive particles traversed a window C where mica 
plates could be inserted of stopping power equal to a known dis- 
tance in air. The impact of the particles on a zinc sulphide screen 
at I) was then observed with a microscope. In more elaborate 
forms of the apparatus the positive rays emitted by B in other 
directions could be examined. 

D 


I'lL. 98. AinmciAL UisiN'iroRAiioN 

The a-particles emitted by any one radioactive substance have 
a definite range (p. 310); about 7 cm. for radium C. Consequently, 
if the chamber is cvacuat('d and the radium C is moved farther 
than 7 cm. from C, no scintillations will be observed on the screen. 
If now hydrogen is admitted, scintillations are once more visible 
and the effective range is about 28 cm. The positive particles 
now passing through the window are not helium nuclei (a-particles) 
but hydrogen nuclei with which these have collided: since the 
hydrogen nucleus is only about a quarter as hcav\' as the helium 
nucleus, the former accjiiires from the collision a velocity greater 
than that of the particle which strikes it. If now the hydrogen 
is replaced by nitrogen, positive rays are fibtained with a still 
greater range — about 40 cm. of air. These are supposed to consist 
of hydrogen nuclei which have been detached from the nitrogen 
nucleus, and this has been confirmed by deflection experiments of 
the usual type. The extra range of these particles as compared 
with those from hydrogen itself is due to the energy obtainable 
from the disintegration of the nitrogen nucleus, some of which is 
communicated to the newly-released hydrogen nucleus. With 
other gases, such as oxygen, Rutherford was unable to detect any 
hydrogen nuclei. The oxygen nucleus is much heavier than the 
helium nucleus, lienee the effective range is not increased by simple 
collisions. Moreover, in disintegration nearly as many positive 
particles are emitted backwards as forwards, but this does not 
occur when a nucleus is propelled as a whole. 

Isotopes of Oxygen. — In 1922 Bi^acketf succeeded in photo- 
graphing the track of a-particles before and after collision by an 
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application of C. T. R. Wilson's condensation method. In this way 
it is possible to investigate the fate of the a-particJe by which dis- 
integration is brought about. Fig. 99 is a reproduction of a photo- 
grapli taken by Blackett in nitrogen. The path of the a-particle 
tliat has suffered collrsion ends in a double, not a triple fork. One 
branch represents the hydrogen nucleus that has been expelled, the 
other the residue of the disintegrated atom, in which the ^-particle 

must now be included. The nucleus 
of this atom has lost one positive charge 
with the hydrogen nucleus and gained 
two from the a-particle: its atomic 
number has therefore increased by one, 
while its mass-number luis increased by 
4—1=3. One of the products of the dis- 
integration of nitrogen by an a-particle 
would therefore ajipear to be an isotope 
of oxygen: mass -number 17, atomic 
number 8. For many years it was be- 
lieved that oxygen had no isotopes, since 
the most careful search with the mass- 
By pif, mission oji^ruj Biackeit spectrograph revealed none, but recent 

K.« OQ a-I^ Hr, CLK T rack- proRress m the study of spectra has 
IN NirKOGCN shown that oxygen does contain small 

quantities of isotopes. The existence of 
isotopes leads to doublets in the infra-red absorption spectrum, and 
by this moans it has been shown that the oxygen isotopes have the 
mass-numbers 17 and 18, and are present to the extent of four parts 
in ten tliousand and two parts in one thousand respectively. This 
pio])ortion is too small to be capable of detection by the rnass-spectro- 
gra]ih, but it involves a significant change in the ratio of the chemical 
atomic weights of oxygen and hydrogen. The change in this ratio 
IS slightly more than one part in ten thousand. Isotopes of carbon 
and nitrogen have also been detected by the spectrum method. 
Like those of oxygen, they are present in very small proportions. 

Neutrons and Positrons. — Until 1930 there existed no convincing 
evidence that matter was composed of units other than the charged 
particles, electrons, and protons. It will be noted that the.se 
particles are antithetical in charge, but tar from equal in tna.ss. In 
that yeai the bombardment of beryllium compounds by a-rays 
demonstrated that a particle was formed (by the interaction of the 
a-particle with the beryllium nucleus) which, although forming no 
track in the Wilson cloud chamber, caused drastic nuclear reaction 
upon atoms at a distance from its point of origin. Detailed in- 
vestigation disclosed that this new particle had no electric charge, 
and a mass almost equal to that of the proton. It was named the 
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neutron. The most recent determinations give the mass of the 
neutron as 1-0089, and that of the proton as 1-0076. Atomic 
nuclei were formerly thought to be compounded of protons and a 
lesser number of electrons, to correspond with the atomic number, 
which defined the nuclear positive charge. This view has now been 
abandoned, for modem investigation of nuclear properties has 
shown that electrons as such cannot be present in nuclei, althougli, 
of course, they appear externally as the result of radioactive dis- 
integration. It is now accepted that il /I is the mass number of 
an isotope of an element, where Z, the atomic number, 

gives the number of protons, and n the number of neutrons. The 
neutron has proved a weapon of great power in the study of nuclear 
reactions, for its approach to a nucleus is not retarded by the violent 
electrostatic effects unavoidable when a-particles or accelerated 
protons are used for bombardment. Neutrons are now known to be 
ejected in a wide variety of nuclear reactions, and it is ]irobably 
common knuv\ledge that the explosive fission of the uranium 
isotope 235 U is achieved by the agency of neutrons generated in the 
fission itself, so that the latter becomes a ‘ chain ' reaction. To 
explain fully the course of some nuclear reactions it is necessary to 
postulate the emission of a jaarticle having the small mass of the 
electron, but of opjiosite and equal charge. This particle is named 
the pos'itron. It has usually a short existence, for on its encounter- 
ing an electron both partic les may disappear, and y-radialion lesults. 
'fhis process is another clear example of the relation of mass and 
energy, amounting to interchangeability, predicted by modern 
physical tlu^ories. 

Nuclear Chemistry. — f rom 1896, when Recqucrel discovered the 
natural radioactivity of certain heavy elements, until 1919 nuclear 
chemistry was con lined to the study of the products of this type of 
siiontaneous decay. No method was known of affecting the 
stability of ordinary nuclei, nor was the natural disintegration m 
any way controllable. A somewhat passive role was imposed on 
the chemists and physicists who shared the necessary investigations 
between them. As described above (p. 320), Rutherford in 1919 
showed that atoms of nitrogen yielded protons wlnai bombarded 
with a-particles, and later research proved that oxygen was simul- 
taneously produced. Since that time the development of the 
subject has necessarily lain entirely in the hands of j)liysicists, for 
the high -power apparatus required can only be safely operated by 
those specially trained in its use. On this account the subject is 
often called, perhaps more justly, nuclear phy.sics, but from the 
systematic point of view chemistry can la}^ the strongest claims to 
include the results of these experiments, conducted by physical 
methods, within its own domain. It should be mentioned that in 
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the most recent advances of the subject, which has thereby so 
forcibly thrust itself on the world, chemists have played at least 
an equal part with their colleagues. 

The ‘ reagents ’ used to attack nuclei are as follows: 

(1) a-parhcleSy produced by natural radioactivity; their momenta 
as ejected from these sources are very high. ' Artilicial ' a- 
particles can also be produced from liAhum. 

(2) Protons or deuterons. These are lespectively the nuclei ol 
ordinary hydrogen (mass i), and of * heavy ’ hydrogen or 
deuterium (mass 2). To secure sufficiently close approach to 
the nucleus under attack these positively charged particles 
must be accelerated by the use of powerful electric fields. 
Much of the recent progress m the use of these particles has 
depended on the building of large-scale physical apparatus 
(e.g. the cyclotron) to produce very large accelerations. 

(3) Neutrons. These uncharged particles (mass i) are obtainable 
only from some subsidiary reaction with charged pai*ticles. 
They cannot be accelerated, but can readily be slowed, if 
necessary, by allowing them to diffuse through matter com- 
posed of light atoms, e.g. water or graphite. * Thermal ' 
neutrons are neutrons that have been so slowed that their 
speeds are similar to those of gas molecules at ordinary 
temperatures. The effect of neutrons upon nuclei is often 
affected by their speed. 

The charged particles can, m general, only be used tor attack on 
light nuclei, since the electrostatic repulsion of a heavy nucleus is 
prohibitive to close approach. Neutrons, on the contrary, can be 
made to react with all nuclei. Their discovery lias, therefore, 
greatly advanced our knowledge of nuclear chemistry. 

It has been found that nuclei under attack react in two ways. 
At the moment of impact a relatively massive particle, which may be 
a proton, deuteron, a-particle, or neutron, is ejected (sometimes 
accompanied by y-radiation) ; the remaining nucleus is then usually 
stable. In the second kind of reaction the impinging particle is 
‘ captured,' and the resulting nuclei of greater mass stabilize 
themselves rather slowly by ejection of electrons or positrons. The 
latter sort of reaction leads therefore to ' artificial ' radioactivity. 
A few of the heaviest atoms undergo, after capturing a neutron, 
the exceptional change of ‘ fission.' In this the slightly enlarged 
nucleus splits spontaneously into two nuclei of approximately equal 
mass, about half that of the parent nucleus. There may be con- 
siderable discrepancy in the summed masses of the nuclei produced 
and that of the parent. This difference in mass is converted into 
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radiation of prodigious intensity. The most fully explored example 
of this kind of change is given by the equation 

^^^U+^n— atoms (see below for nomenclature). 

92 0 34-5T 

Nuclear Reactions. — In writing equations for nuclear reactions it 
is necessary to amplify the usual chemical symbol by adding the 
mass number (as superscript), and the atomic number (as subscript). 
The symbols used for the neutron, electron, and positron are 

respectively and In an equation it is ref|uisite that the 

sum of superscripts (mass numbers) and the sum of subscripts 
(atomic numbers) should separately balance on the two sides. It 
is also convenient to use the symbols a, />, d, and n for a-particles, 
j)rotons, deuterons, and neutrons respectively. A type of reaction 
can then be summarized by writing in a brac ket, first the impinging 
particle and then the ejected particle, e.g. [p, n) means that a 
neutron is ejected by an impinging proton. We shall now give, out 
of the many known, one example of each type of change, writing 
first the type of reaction, and then the equation Radioactive 
products are marked * 

Type of reaction Equation 

[p.a) ’Ll f 

2 12 

This reacticm, discovered by Cockckoft and Walton in ic)32, 
jirovided the first cxamjile of atomic fission The slight loss of 
mass m the change (concealed by the round-off atomic weights) 
appears as radiation. 


(p, n) 

’Li+’H='Be+*n 

8 14 0 

id. a) 

'Be+'H-’Li-f 'He 

4 18 2 

(d. P) 

fi 1 01 

(rf n) 

B-1- H= C-f- n 

ft 1 ft 0 

in, a) 

20. T , 1 17^ , 4,^ 

Ne-f n= O-f- He 

10 0 H ? 

(«, P) 

^'Mg-+-'n=:"'Na*d 'H 
12 oil 1 

(a, p) 

''N-f 'H 

7 2 8 1 


This first ‘ transmutation,' discovered by Rutherford in tqtcj, was 
the stimulus to all later progress in nuclear chemistry (p. 320). 
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(a, 71 ) f'HG--''Na* + 'n 

The ' artificial ' radioactivity of sodium: 

(half-life, 15-5 liours) 

22 22 0 

Na'> “Ne-f e (half-life, more than 6 months) 

l^adioactive sodium may also be obtained from ordinary sodium 
(used as sotlium cliloride) by reaction with deut crons. 

{d.p) ■''Nii+‘H=-^''Na*-|-’lI 

11 1 11 1 

conclude with reactions, which to chemists probably surpass in 
interest all ollicrs in the subject, namely the recent S3mlhcsis of 
the ‘ trans-nramum * elements of atomic numbers 93 and greater. 

(half-hft', 23 mins.) 

V (half-life, 2-] days) 
f (half-life, 2-4,3(10 yrs.). 

The new elem(‘nts, neptunium Np, and plutonium Pu, are both 
radioactive, but the latter reverts, by the loss of an a jiarticle, tu 
so slowly that it can be treated as a stable element. 

Nucleax Stability. — An understanding of the factors involved in 
nuclear stability is of cardinal importance, for the rclati\’e stability 
must ultimately determine the abundance of atomic species, but in 
the absence of an accepted theory of nuclear constitution progress 
must be slow. One result of significance is seen when we select 
from the table of isotopes (p. 315) the stable atoms with only one 
isotopic form, 'fhese arc Re g, F K), Na 23, A1 27, P 31, Sc 45, 
V 51, Mu 55, As 75, Y 89, Nb 93, Cs 133, La 139, Pr 141, Tb 159, 
Ho ib5, Tm 169, Ta 181, Au 197, and Bi 209. Without exception 
all these atoms have an odd mass number A. Consultation of the 
table shows that with the sole exception of the lightest element 
beryllium, all also have an odd atomic number Z. From the 
relation ^1— Z-f «, where n gives the number of neutrons in the 
nucleus, we can deduce two possibilities for odd values of A, viz.: 
,4"=evcn Z-f-odd n, or vl~odd Z+even n. The fact that the 
second alternative almost always occurs indicates a tendency for 
protons (Z) and neutrons («) to pair separately in the nucleus, this 
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tendency, as be expect^ed, being stronger for neutrons than 

for protons. In all the above atoms one proton must remain 
unpaired, while all neutrons are paired. When A is even there are 
again two possibilities: /I ^odd Z-fodd v, or ^I=^even Z+even m.' 
In the second case all protons and neutrons are paired; in the first 
both a neutron and a proton remain unpaired. Inspection of the 
table shows how frequently even A occurs with even Z, whereas 
even A with odd Z is relatively rare. There does not appear to be 
any good evidence that helium nuclei are produced as such in the 
nucleus by the union of a pair ot protons with a pair of neutrons. 
Radioactivity, ' artilicial ' or natural, is associated with two types 
of disintegrative process, or ' decay ' : emission of u>particles, or 
a-activity, emission of electrons or positrons, or activity. There 
are no known examples of the emission of protiins or deuterons m 
radioac'tive transformations. The lightest element showing a- 
activity is bismuth (Z=83), and this is an activity produced artifi- 
cially by bombarding bismuth with high-speed a-particles. In the 
^^-activity of the lighter elements we doubtless see the result of a 
spontaneous and stabilizing change in the relative numbers of 
protons and neutrons, by means of the nuclear reactions. 

Proton “neutron - 4 - positron. 

Neutron = proton -f- electron. 

In the example of radioactive sodium the atoms ^^Na and are 

^4 .,0 

iranslormed respectively into Mg and ""Ne; here we see the 

12 ^ 10 

tendency to lorm nuclei with both A and Z even. 

Mass of the Nucleus. — The theory that atomic nuclei all contain 
integral numbers of protons and neutrons lakes us back to the views 
of PROUT, who more than a century ago suggested that all atoms 
were made up ot hydrogen atoms. Wdien the improvements in 
analysis showed some atomic weights to be far removed from 
integers his hypothesis fell into disrepute, but that difficulty has 
been to some extent removed by the discovery of isotopes. On 
the other hand the most exact measurements do show that the 
atomic weights on the oxygen scale of nearly all isotopes are 
distinguishable from integers, though they approach integral 
values very closely. The atomic w'eight of hydrogen is definitely 
I *008, and il hydrogen is taken as standard I he deviations oi the 
other elements are rather greater; the oxygen standard has there- 
fore advantages other than those originally claimed for it. The 
deviations themselves have been accounted for on the basis ol 
the theory of relativity, from which it can be shown that four 
hydrogen nuclei closely grouped together with two electrons, as 
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in the helium nucleus, will have a total mass smaller than their 
individual masses in the free state. The difference of 0*029, i,e. 
(4x1*008—4*003), is in quantitative agreement with theoretical 
requirements. 

The deviation of the atomic weight from an integer is a con- 
tinuous function of the atomic number, and on these views is 
connected with the stability of the nucleus. In years to come 
it will ]^rhaps be possible to connect nuclear stability with abun- 
dance on the earth, but at present such theories are very far from 
finality. 

Arrangement of the Electrons. — We have hitherto concerned 
ourselves with the nucleus: we must now return to the question, 
of great importance since it determines the chemical properties, 
of the arrangement of the electrons in the outer parts of the atom. 
We have shown that these are equal in number to the atomic 
number and shall for a short time abandon the discussion of physical 
methods and revert to chemical considerations. 

Any theory of electron structure must account for the extra- 
ordinary chemical stability of the inert gases, the only elements which 
form no compounds. I'heir atomic numbers are: He 2, Ne lo, 
A 18, Kr 36, Xe 54, Em 80 , which can also be written: 2. 2 [-S, 
2-}-8-f-8-|- 18, 2-{' 8-|-8-'f" 18 -j- 

and are the successive totals of the series 2(i^+2^-f 2‘'^-i-3^-f 3^4 4'’^). 
Since chemical combination consists in the interaction of the outer- 
most electrons of two atoms — presumably either a sharing or an 
exchange — we must suppose these inert gas structures to have 
negligible powers of adding electrons or j>arting with them. It 
therefore seems probable that these electrons form closed groups, 
and that when the atomic number is one greater (as in the alkali- 
metals) , the extra electron is the beginning of a new group. On these 
views the structure of the first thirteen elements will be as follows: 


Element IJ lie Li Be B C N O F Ne Na Mg A I 

Inner Group 1222222222222 

Middle Group — — 1 2 345O78S8S 

Outer Group — — — — — -- - — — — j 2 3 


The suggested arrangement bears an obvious relation to chemical 
properties, and might have been predicted on that ground alone. 
We know that the formation of a sodium ion Na* from a sodium 
atom consists in the loss of an electron, and we now suspect the 
sodium ion to have the same electron structure as the rare gas 
neon. We cannot expect it to have all the properties of an inert 
gas, because it has an excess positive charge on the nucleus, but it 
does show the chemical stability which we have attributed to such 
a structure. In the same way a fluorine atom, by the addition of 
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an electron, becomes a fluorine ion, likewise with the neon electron 
structure but now with a deficiency of one positive charge on the 
nucleus. The chemical implications of these ideas will be more 
fully considered in the next chapter; meanwhile the physical 
evidence for such electron arrangements must be dealt with. 

The Rutherford-Bohi Atom. — By 1913 the relation between the 
atomic nucleus and the surrounding electrons had been established, 
and it was possible for the Danish physicist Bohr to give a quanti- 
tative account of many observed phenomena on the basis of an 
atomic model called the Bohr, or sometimes the Rutherford-Bohr, 
atom. This was based on the quantum theory of Planck, put 
forward in 1900, according to which radiation can be emitted or 
absorbed only in units of energy equal to hv, where /i is a universal 
constant (‘ Planck’s constant ’) and v the frequency. These units 
are called quanta (see p. 272). Bohr suggested that the extra- 
nuclear electrons rotated round the nucleus at high speeds in 
closed orbits, with each of which was associated a quantum- 
number characteristic of the orbit. Energy could only be radiated 
or absorbed by the electron in quanta, and the gain or loss of a 
quantum caused the electron to rn()ve from one orbit to another. 
Idle quantum theory was necessary to explain the stability of the 
orbits or so-called stationary states, for the classical mechanics 
would predict a gradual loss of energv from the electron, by radiation, 
which would finally cause it to fall into the nucleus. 

The Hydrogen Spectrum. — Bohr was able to show on theoretical 
grounds that for the lighter elements at least the electrons would 
arrange themselves in groups containing 2, 8, and 8 electrons. 
In each group the principal quantum-number, just alluded to, 
is the same: the principal quantum-number of the inner group is 
I, of the next group 2, and so on. Within each group a second 
quantum -number expressed the eccentricity of the elliptical elec- 
tronic orbit, and more recently a third and a fourth quantum- 
number were introduced. The great triumph of the Bohr atom was 
the quantitative explanation of the lines of the hydrogen spectrum. 
Each line represents radiation of a certain frequency and must 
be attributed to the transition of an electron from one orbit to 
another: this Bohr was able to do, thereby accounting for certain 
mathematical relatioixs between the frequencies of the hydrogen 
spectrum lines which had previously been noted as empirical 
laws. The Bohr atom has also been applied with great success 
to other aspects of atomic physics — among them magnetic proi)crties 
and the ionization of gases. 

Quantum Mechanics. — Ir the last few years the nature of the 
electron has received much attention, and a new quantum mechanics 
has come into being, baseo on the mathematical work of DE 
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Broglie, Schkodingi^r, Dirac, and others, according to which 
the electron can no longer be regarded as a point charge. It is 
not possible to give any description in pltysical terms of the nature 
of the electron according to this theory, which defines it mathe- 
matically. The theory leads to results in precise agreement with 
experiment, and offers a natural explanation of atomic stationary 
states. Until a new model atom has been v^'orked out on the new 
basis, we shall, however, do well to continue to use the Bohr model, 
renu'iTibering that it is a model, in the inter])retation of chemical 
phenomena. Just as a valency bond was used in organic chemistry 
as a symbol without assumptions as to its physical nature, so w^e 
may continue to speak of electronic orbits as symbols. It must not, 
however, be supposed that the quantum mechanics has swept the 
Bf)hr atom entirely from the field; there are still some atomic 
properties — the magnetic properties, for cxam})le — wdnch receive 
an adequate exjilnnation on t he older basis. 

Atomic Structures of the Inert Gases.— In our treatment of the 
Bohr atom w^e shall not find it necessaiy to go beyond the juincipal 
quantum-mimber. Apart from the second and third quantum- 
numbers, which classify the electrons inside the main groups, and 
the electron spin connected with the fourth quant um-numlx'r, the 
electron structures ol the inert gases are believed to be as follows: 
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It will be noticed that th(' first two groups, 2 and 8, once built up 
arc repeated in higher members, whereas the third group of 8 in 
argon has been increased to 18 by krypton. The outermost group 
is always 8, and a sliell of eight electrons has a stability which is 
of great chemical significance. 


SUGGESTED I'OK EURTHEK READING 

Rittherford, CiiAUwicK, and Ellis: Radiation from Radio-adivc Sub- 
stances. 

Aston: Mass Spectra and Isotopes (1942). 

F'riedlander and Kennedy: IntrodiicUon to Radio-chemistry. 
Roufktson: Mass Spcciroynetry. 

Lister: ‘The Chemistry ot the Trans-uranic Elements,' Chem Soc. 
Quart. Rev., 4. 



CHAPTER XI 


THE THEORY OF VALENCY 

The classical conception of valency — Valency and tJie periodic table — The 
electron-pair bond — Electrovalcnt and covalent binding — The elecLronic 
theory of valency — The spins of elementary particles — Illustrative 
examples — I ’robl cm s in valency — Ionic linkages: Fajans' theory — Atomic 
volume and the periodic table — Khect of solvation —Covalent linkages — 
Conductivity of fused salts — Co-ordiuation compounds — 'The nature ol 
electron groups and shells— The valcn< les of tlie elements Ne to A — Examples 
of co-ordination compounds — Clulate compounds —Stereo-isomerism — the 
conception of mesomensm. 

The Classical Conception of Valency. — It must not be forgotten 
tliat the theory of valency embodies a quantitative principle. The 
valency of an element may be dehned as the number of parts into 
which its total combining ])ower can be divided. It follows that 
before we can detennine the valency of an element A one or more 
elements of unit valency, that is of indivisible combining power, 
must be available, (uven the univalent standards X and Y we may 
fix the valency of A as follows. Compounds of A with X and with Y 
arc prepared, and from them are selected those of the forms AX„ 
and AYra. H h5 essential that only one atom of A be present in the 
molecules of the compounds chosen, a matter not easily susce])lible 
of proof unless the compounds are volatile. 1'he valency of oxygen 
or sulphur in OHg or Slig is self-evident, but has been much disputed 
in H 2 O 2 and SgCl.^. By suitable analysis the (integral) values n and 
rn are determined, and tliese are the valencies of A in the compounds 
selected. The pioneers of the principle of valency, Kekule and 
his contemporaries, instinctively chose hydrogen as their standard 
univalent element. In the light ot modern theory we can appreciati^ 
how sure tlieir intuition was, for hvdrogen is the rmly absolutclv 
univalent €ilcment, in the sense that in no circumstances can its 
combining power be subdivided. In tlieir choice of chlorine as a 
subsidiary standard they w^re on less sure ground, although Dumas 
had demonstrated that clilorine replaces hydrogen in organic com- 
pounds atom for atom. It was in a high degree unfortunate lor 
early ])rogress in the study of valency that fluorine was isolated so 
late in chemical history, for wc know that, while a higher valencv is 
not inconceivable, the univalciicy ot fluorme can be trusted. 
Mendeleeff strongly advocated oxvgen ns a (bivalent) standard 
element. He pointed out that if the valency of an element were 
assessed on the basis of its highest salt-forming oxide (basic or 
acidic), regularities that could not be fortuitous apjieared in the 

331 
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trend of valency values over the classified elements. The main 
objection to the use of oxygen is that its bivalency, by introducing 
the possibility of more than one scheme of bonding in a given oxide, 
may leave the valency of the combined element ambiguous. Men- 
deleeff could justifiably claim that phosphorus was quinquevalent 
in PjOr„ but had he known that the formula of this oxide is P4O,,, 
even in the vapour state, he might well have felt less certain. 

Valencies in Periodic Groups I, n, and HI. — There are sufficient 
elements (e.g. zinc, aluminium, mercury, oxygen) which, by their 
volatile compounds, exhibit their valencies unambiguously, and 
which also fonn stable ions, to prove that ionic charge (without 
regard to sign) is numerically equal to valency. For the majority 
of the elements in the above groups we have in fact to rely largely 
on this indirect evaluation of valency, for these elements being 
mainly metals form lew suitable volatile compounds. It is ele- 
mentary knowledge that the charges on the normal ions of these 
elements aie not infliK’Uced by the nature of the anion: sodium is 
singly charged in its hydride, chloride, and oxide (NaX)). The 
elements in these groups in fact commonly possess only one constant 
valency, although some exceptions are notable among the heavier 
elements, such as co])per, gold, and thallium: mercury, however, is 
known to be bivalent in both its senes of compounds. I'he one 
element in these groups readily yielding volatile compounds is 
boron, but its behaviour towards hydrogen is anomalous (p. 523). 
If we admit, as we well may, that the group (CH^) is a gO(>d sub- 
stitute lor hydrogen, then we can see from the compounds B(CHjj)g, 
HFt, and BCL that boron is in line with the other elements in respect 
to constancy of valency. 

Valencies in Groups IV, V, VI, and Vn.— The elements carbon, 
nitrogen, oxygen, and fluorine form an ample .supply of volatile 
compounds, and their valencies are clearly unaffected whether we 
employ hydrogen or fluorine as test element. We have CF^4, (CCI4), 
and CH4; NHg and NF,; OH^ and OF.^; PTI and F.^. It is interesting 
to note that modern electronic theory has vindicated the opinions 
of Kekule, who, in his championship of the constancy of the valencies 
of carbon, nitrogen, and oxygen was strongly opposed by some of his 
contemporaries. When we turn to the heavier elements of these 
groups we find widely differing combining powers towards hydrogen 
and fluorine. For example we have PH, and PP^s; AsH.^ and AsF.; 
SHg and SF^; TeH., and TeF„; IH and IP',. If we take the simplest 
view about the constitution and formulae of the oxides of these 
elements, for example SO^ and Cl5;07, they confirm the high valencies 
indubitably evoked by fluorine. The view most in harmony with 
modem knowledge of atomic structure regards these elements of 
Groups V to VII as exhibiting a variable combining power, with 
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definite minima and maxima. It is significant also that the values 
f)f the observed valencies change in steps of two units, a t>omt noted 
early by chemists. 

Phosphorus (3 and 5); PH,; PF3(p40e); PF5(p40jj,). 

Sulphur (2, 4, and 6)- SH.; SF4(S02); SF^, (SO,). 

Chlorine (i, 3, 5, and 7): CIH, (CIF); CIF,; (CIO,)"; (CIO4)”, C4O7. 

Iodine (i, 3. 5, and 7): IH. (ICl); ICl,; IF5, (FO5); IF7. 

rhese and other example.s show that hytlrides exhibit the minimum 
valency, and fluorides and oxides the maxiiniiin. It was pointed 
out long ago by Abegg that the sum of the valencies towards 
hydrogen and towards halogens or oxygen was always eight in 
Groups IV to Vn inclusive; in Group IV both valencies are equal 
tf' lour. He considered that hydrogen valencies, called positive 
valencies, might be of a different nature from the negative valencies, 
towards halogens and oxygen. Our present knowledge of atomic 
structure shows, however, that such an opinion cannot be sustained. 
There is no feature, lor exanqile, ni I he phospfliorus atom prohibiting 
the formation of both PH, and PH^ to correspond with PF, and 
PF'q. The reason why PH 5 c«innot be prepared is one of energetics. 
The system PH, ( H2 is very much more stable than the single 
molecule PHg. Phosphorus pentachloride, PCI5, dissociates with 
rise of teinpcTature becau.se the stability of the system PClg-hClg is 
comparable to that of PCI5. It is essentially the great stability 
of the hydrogen molecule H.^ that limits hydrogen valencies to 
the minimum possible. If therefore we re-define valency as the 
maximum number ot parts into which the total combining power is 
divisible, we may tollow Kekule in asserting that valency is a 
constant, characteristic of an atom; phosphorus and sulphur, for 
example, are respectively quinquevalent and sexi valent, elements. 
This conception is strongly supported by the stereochemistry of 
polyvalent elements. Thus the shapes of the molecules of sulphur 
compounds may be derived from the octahedron, some of the 
valencies being, of course, siqipiessed in the ‘ lower ' compounds. 

The Electron-pair Bond. — Though from their introduction about 
i860 single and multiple links between atoms have become the 
common symbols in which the chemist expresses his exhaustive 
and successful investigation of molecular structure, at no time before 
about 1916 could a conception of the nature of these links rise 
above the vaguest speculation. It is perhaps a sobering thought 
that the combination of two hydrogen atoms to form a molecule 
assumed by Avogadro in 1811 received no satisf3nng explanation 
until the year 1927. This consummaliou was so hmg dela\^ed that 
those who hesitated to accept Avogadro's original hypothesis may 
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well be acquitted of excessive conservatism. The stimulus to put 
an end to this obscurantism came, of course, from physical dis- 
coveries about the c onstitution of the atom. About the year iqii 
P> oiiR announced an elucidation of electronic arrangements in 
atouT^, l^nsi'd firmly on spc'ctroscopic data. At the close of iqifi 
Kossrj. in Europe and CL N. Lr.wis in America independently 
showed that a salisfactory but still empirical description of the 
valency bond lay in the assumption that it m some way implicated 
a j)air ol c'lcctrons. Atoms entered combination when each could 
supply one electron of the ]iair, and alter the chemical union each 
of the ])air of electrons participated in the structures ot the united 
atoms. Electron sharing was thus a mode ot electron gaming. 
It aj’jpeared that a limit was set to this piocess of electron ^^ainmg 
in that atoms would not accumulate more than eight electrons, 
including those shaied. 'I'his limitation became known as the 
odd rule. These early ideas proved very tertile, and with some 
arnphlications withstood the test of application and develojancnt. 
I'he incornyileteness oi this theory is realized when we tuin to the 
energetics of chemical union. As has been mentioned (Chapter VII, 
p. 221) all atomic combination must be exothermic. Now, if we 
could view all chemical union as due to a combination of ions the 
source of tins energy ol formation could be traced to simple' electro- 
.statir effects. Attcmijils wcto indeed made to implement this 
conception of chemical union, but wheu we consider such a well- 
known series as CIL,, CH.jCl, ( ILClg, CHCk,, and CCI 4 , we see the 
futility of such a view, lor while it is not inconceivable that c.arbon 
shcmld be cationic in CCl^ and anionic in what charges arc to 
be assigned to it in the intci mediate compounds? The es.sential 
achievement ot modem progress in this subject since* about ic) 2 b, 
when (juantiim mechanics was founded, has been the demonstration 
of the source of the energy of union in what ha\'e come to be called 
covalent compounds, such as bR, CL, CH.^, etc. I'his development 
has at the same time confirmed the funclame'utal necessity for a 
jiair of eleclrems as the agency of normal, stable union, although 
showing that a single electron can exert bonding properties of less 
power. W'hile it is in the highest degree a source of satisi action to 
realize that the tlieory of the electron-pair bond has more than an 
empirical basis, the fcumer qualitative outlook can still provide us 
with a valuable ron.spcctiis of chemical comjiounds in general. 

Electrovalent and Covalent Binding.— We are now in a position to 
classify bonds as eledrovalent, or covalent. The electrovalent bond 
is found in crystals such as that of sodium rhloride, wdnch is built 
of Si)dium and chloride ions, Na+ and CL. 'I he link here docs not 
involve an appreciable sharing of electrons, but arises almost 
entirely from simple electrostatic attraction. As a consequence 
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the crystal is a relatively closeiv packed assembly of equal numbers 
of the ions, and the number of nearest neighbours to any ion Na-^ 
or Cl~ is determined not by chemical but by geometrical factors, 
particularly the relative diameters of the cations and anions. 
Electrovalent bonds are usually very strong, especially when 
multiply-charged ions are concerned: corundum, AI2O3, built ot the 
ions AF+ and 0 -“, is nearly as hard as diamond. In a covalent link 
there is electron sharing. It must, however, be realized that only 
when the linked atoms are identical (or isotopic) is the sharing 
ecjual in respect of the two atoms. 'I'he more electronegative atom 
usually obtains the larger share of the bonding electrons. If it is 
desired to visualize the bond as the circulation of the two electrons 
around both nuclei, then it is to be assumed that the electrons take 
longer to move round the more negative atom. When the more 
modern view is taken that the electron charge must be ‘ smeared 
out ' over all the molecule, then we must visualize the negative 
cloud a'» more dense around the more electronegative atom, the 
whole aspect of the molecular cloud being normally pear-shaped 
and not ellipsoidal; it has the latter symmetrical shape only in 
homopolar molecules, such as Ho, etc. The normal polaritv oi 
the covalent link comes to light in tlie exrstence (readilv tested by 
exj^erirnent) of a definite dipiyle moment, given in value by the product 
of the charge displacement h and the distance betw'ccn the atomic 
centres r. The dipole moments of the links C— N, C — O, and C — Cl 
are respectively 0*4, o*86, and 1-56 (debyes); here the increase ol 
electronegative nature in the scries ol elements nitrogen, oxygen, and 
chlorine is well shown in the corresponding increase of dipole moment 
There are among chemical links all gradations of polarity, from zero in 
homopolar compounds to the maximum in (dectro valent links. 

The Electronic Theory of Valency.— In the light of the above 
general principles it is seen that the ''aiency of an element must be 
just the numb(?r of electrons it can share, under the condition that 
every electron shared brings a second into the atomic structure, up 
to a certain limit. F'or hydrogen and helium the limit is reached at 
only two electrons. Hence hydrogen is an absolutely univalent 
element, and cannot assume a liighor valency (see above, p. 331), 
The choice ot hydrogen as a valency standard by earlier chemists is 
thus seen as a brilliant stroke of intuition. As the limit is reacheil 
in helium before combination this element is incapable of chemical 
combination (when in its normal state). For the elements of the 
periodic series lithium to fluorine, the limit proved by both 
modern theory and by chemical experience is eight. Hence for 
these elements the ' octet ' principle is quite rigidly valid. The 
maximum covalency shown in any compound of these element-- 
must therefore be four. We may see this rule in operation in the 
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series ( 13 F 4 )~, CH4, and NH4+. In each of these molecules or ions 
the central atom, boron, carbon, or nitrogen, is covalently linked 
to a maximum of four univalent atoms. This series emphasizes the 
point that valency must depend upon electronic configuration in an 
atom. The electronic disx>ositions are identical in the species B“, 
C, and N ; we can say that these are iso -electronic, and naturally 
all have the same quadrivalency ; moreover all exert the quadri- 
valency in tetrahedral directions. 

Acting in this principle we may draw up a useful table of co- 
valency, not hesitating to include atomic ions. 
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It should be clearly undiTstood that the assignment of zero co- 
valency to certain 10ns, e.g. F", Li+, etc., does not mean that they 
cannot form effective links; it means that these links must be ex- 
clusively clectrovaicnt, and in them electron sharing is absent. 
Ions such as F“, O” should strictly be classified as nni-eleclro- 
valent, non-covalent ; bi-electrovalent, non-covalent ; and uni- 
clectrovalent, uni-covalent respect iv^cly. Naturally this full de- 
scription is burdensome and the important prefixes electro- and 
co-(valent) are usually omitted, and one finds a situation in which 
F“, F, Na, and Na+ are all indiscriminately called univalent. It 
follows from our conceptions that only those ions of covalency zero 
will be stable as chemical individuals: N+ and B“ for example will 
exhibit as intense a chemical activity as carbon atoms. 

The Spins of Elementary Particles. — Although modern theorv 
docs not permit us to adopt the simple planetary model of the 
motions of electrons in atoms and molecules, we must still ascribe 
the property of anfi^iilar momentum to these motions. For a plane- 
tary orbit of an electron around an atomic nucleus, angular momen- 
tum would be exf)ressed by the product Iw, where 7 is tlie moment 
of inertia (or ‘ moment of momentum ’), and lo is the angular velocity. 
It is a fundamental ])ostulatc of the quantum theory that the elec- 
tronic angular momentum can only have values given by the 
formula \/ /(/-[- i)./i/ 277 . Here h is a universal constant (Planck's con- 
st ant) , and/ an integer, taking values from zero upwards. The fact that 
an electron can exist in an atom without orbital angular momentum 
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(/“o) and yet not coalesce with the attracting nucleus shows how far 
the modern atomic dynamics has diverged from the classical form. 

It has, however, proved impossible to reconcile spectroscopic data 
with theory unless tlic electron possesses another independent form 
of angular momentum. This second form is usually pictured as a 
spinning motion around its own axis. While this spin can occur 
in two directions it is always associated with an invariable momen- 
tum (\/3^/47^)- Electron spin is to be regarded as an inherent 
electronic property, and it plays a fundamental part in theories of 
valcjicy, for the two electrons implicated in a covalent bond must 
possess S7)iiis opposed in direction. Two atoms combine when 
they possess at least one each of a pair of electrons with spins 
so related. I'he occurrence of two electrons in a chemical bond is 
indeed closely bound up with the fact of electron spin. It may 
further be noted that the magnetic shells created by spinning 
electrons are the chief cause of the property of magnetism. It has 
recently become necessary to extend the notion of spin to the other 
elementary particles, the proton and the neutron, which are the 
units forming atomic nuclei. The latter therefore become possessed 
of a characteristic resultant spin. In a molecule such as hydrogen 
it is not necessary (at least under normal conditions) for the proton 
spins to have the antithetical relation rigorously imposed on the 
two electrons forming the bond. Two fonns of hydrogen molecule 
are thus possible, according as the proton spins are ' parallel ' or 
‘ anti-parallel.' Since these forms, known respectively as ortho- 
hydrogen (parallel s]:)ins) and para-hydrogen, differ slightly in energy, 
each may be regarded as a special type of allolrope (see further, p. 362). 

Illustrative Examples o! the Electronic Theory.— Guided now by 
the classical principle of valency saturation the reader will find no 
difficulty in assembling the above atomic species into known mole- 
cules and ions. Thus ' hydrogen ion ' HgO^ and ammonia NH3 arc 
seen to be isoelectronic and structurally analogous; both are pyra- 
midal in shape. As an illustrative exercise in the use of the table 
we may set out and discuss the jiossible formulae of all the ions 
formed by the union of nitrogen and oxygen: 


N 

N--0. /X , 

o- o 


(NO)- (NO,)- 


0-\ /O' 
N 

I 

o- 

(N0,)3- 


o \ 

/+==o, 

O-/ 

(NOJ- 


0 -. , 0 - 

. N“0+. 0--C.N+-.0. 

O-^ \0- 

(NO.)»- 


(NO)+ 


(N0,)+ 



33^ THEORETICAL AND INORGANIC CHEMISTRY 

In these formulae the net charge shown is the algebraic sum of 
those on individual atoms. The nitrite ion NQ-g the nitrate 
ion NQ-j will be familiar. The cation NO+ occurs in lead-chamber 
crystals (p. 686), and in salts such as nitrosyl perchlorate, NO.CIO4. 
The nitroniurn ion NO2+ is present in concentrated nitric acid, and 
IS responsible tor aromatic nitration (p. 125). The anion NO" 
appears to be unstable, and spontaneously condenses, with some 
rearrangement, to the hyponitrite ion O'— N=N— O”. As the 
ortho-carbonate group is well known in organic ortho-carbonic 
esters, e.g. (C2H50)4C, the ortho-anions (CO^y-, (N04)3-, and 
(NO,)‘'*~ might have been expected to have stable existence. All, 
however, readily undergo hvdrolysis (see p 341): 

{NO,,y~-\ Tr20-.(N02) 2 OH-, 

(NCX,)'** -|-IL, 0 -(N 0 ;,)-d 2OII- 
(CO,,)^ I 2011 . 

yielding resjiectively the normal caibonate ion 0=C<^ and the 

nitrate and nitrite 10ns shown above. Anticipating some later 
considerations, we may remark that the ortho-phosphate ion 
differs Irom the hypothetical ortho-nitrate ion (NO^)®' in 
structure, because phosphorus can be truly quinquevalent, that is, 
it can accumulate 10 electrons in its outer shell. 

The ortho-phosphate ion is resistant to hydrolysis m soiuiion, 
and must be assigned the formula 

The anion derived from the tervalent element boron and 

analogous to (NO^)^ is well known in crystals. In aqueous solution, 
however, it is readily hydrolysed first to the .simple anion (BOg)': 

(B 03 )^--fH 2 O=(B 02 )---h 20 H-, 

which is analogous to the nitrite ion, and then these simple anions 
tend to condense into larger groups by sharing (neutral) oxygen: 
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Thus potassium metaborate is KgBgOe, KBOg, as is some- 

times written. The ortho-nitrate ion (NO^)''^" is susceptible to 
hydrolysis and cannot exist in aqueous solution; but, unlike meta- 
borate ion, the nitrite ion shows no tendency to polymerize. 

Typical Problems in Valency. — It is by their power to solve difhcult 
chemical problems that new theories will most impress the chemist. 
As an illustration we will consider the compounds carbon monoxid(', 
nitric oxide, and ozone. The first two of these molecules present 
obvious and grave valency problems. Four bonds between carbon 
and oxygen an? excluded on stereochemical grounds; on the other 
hand, carbon monoxide shows none of the proptTties to be expected 
in a compound of bivalent carbon; it combines with halogens only 
under the stimulus of catalysis and at temperatures above normal; 
it manifests no tendency to polymerize. Glancing at the table 
on p, 33b w’e sec that O would saturate both being tcr- 
valent, and the resulting molecule w^ould be electrically neutral. 
The structure O'*" w^onld, as T.angmuir pointed out years ago, 
be closely analogous to (and iso-electronic with) the molecule of 
elementary nitrogen, and it is not surprising that the physical 

properties of the two molecules (b.pt., critical constants, etc.) arc 
almost equal. It must be noted that since oxygen is much more 
electronegative than carbon the six electrons involved in the triple 
bond, althougli all shared, will not be equally shared, and the 
accumulation of charge density round the oxygen will offset the 
strong polar eflect due to the ionic charges. In this particular case 
the two effects happen to be almo.st equal, and, as has been fully 
established, carbon monoxide is airnost non-polar (see further, 

p- 354); 

Nitric oxide clearly lies between the structures N“— O and N“0*' 
ahendv mentioned (p. 337). We assign it the formula N--'0, 
wlierein the broken line irieans a single-electron bond, or in more 
nearly classical tenninology, a hall- bond. With the six unshared 
electrons the five bonding electrons complete the total of eleven 
valency electrons derived from the original atoms, and both atoms 
cornidcte their ' octets.' It has already been observed (p. 33^) that 
modern theory allows bonding jiower to a single shared electron. 
The physical projiertics of nitric oxide are coTnpletel5^ in agreement 
wntli this ‘ 2h '-bond formulation (for another treatment of nitric 
oxide, see ]). 354) 

Ozone presents a problem of a different nature, lor on purely 
chemical grounds the classical formula 

C) — O 


O 
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is not unsatisfactory. A detailed study by physical methods that 
cannot b(' described here proves conclusively that the angle between 
the bonds cannot be 6o° as required by the formula above, but is 
near to 120°. When we propose the alternative formula, 0 ~ — 0 += 0 , 
we solve this difficulty, lor it is well known fiom studies of the 
stereochemistry of carbon compounds that the angle between a 
single bond and a double bond is 125'' (see further, p. 352). 

It has long been known that when the alkali metals sodium and 
potassium are freely oxidized in oxygen the oxides Na202 and KO^ 
(formerly wrongly written K2O4) are produced in preference to those 
expected on simple valency giounds, viz, Na.X) and Kfi. Sodium 
peroxide and potassium superoxide have' been shown (by 

methods of X-ray diffraction) to contain the ions (Oy)^- and (Og)" 
respectively. The first anion is easily formulated as but 

the second is more obscure. Just as we assumed that nitric oxide 
lay between N"— O and NC- b+, so (().,) lies betv’een 0-0 and 
0~ — 0“, and its formula is to be written (0 — 0)“, where the broken 
line again means a single-electron bond. The three electron'^ in the 
bond with the ten unshared make up the total of thirteen electrons 
from the two oxygen atonic with the single charge added The 
molecule NO and the ion 0>“ are among the rare examples of ‘ odd 
edectron ’ structures. Whenever possible 2-clectron bonds are 
always formed, so that most of the known chemical com])ounds 
have an even total number of electrons, as was first pointed out 
by G. N. Lewis in sujiport of his original theorv. 

Ionic Linkages: Fajans’ Theory. — \Mial determines the nature of 
the bond between the atoms of a compound? Why is it that 
sodium chloride is a solid with high melting-point and ionic lattice, 
fully ionized in the solid state and in solution, while carbon tetra- 
chloride is a volatile liquid immiscible with water and m which 
no trace of ionization can be detected^ To say that sodium 
chloride is ionic and carbon tetrachloride covalent is merely to 
stale the problem in other terms, but an answer, if onlv a partial 
one, can be given. According to Fajans, the formation of ionic 
links is promoted by a high atomic volume ^ for the cation as 
compared with the anion, and by small ionic charges It is obvious 
that the larger a metallic atom the less tenaciously will the outer 
electrons be held by the nuclear charge The formation of a 
cation ought therefore to be assisted by a large atomic volume, 
while from sinuiar reasoning it follows that for the production of 
anions a small atomic volume is desirable. It is likewise clear 
that w^hen several electrons are to be removed from an atom the 
difficulty of doing so will progressively increase, for the removal 
of each one increases the residual positive charge by which the 
* The atomic volume is the atomic weight divided by the density 
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others arc retained. Tlie formation of multiply-charged anions is 
particularly difficult, because an electron separated from such an 
anion still leaves it nej^^atively charged and hence with no ^;reat 
power of recovering th(‘ electron. Thus the charge of elementarv 
ions goes up to four for cations (e.g. Sn"”), but only up to two for 
anions (e.g. S"), and even doubly-charged anions show a tendency 
to reduce their charge by reaction with waiter: 

S"+H,Oh‘OH'H'HS'. O'M H.O-^zOH'. 

]\Tany examples of tlu'se ideas may be given. In any periodic 
subgrou]) tlu' metallic character increases with increasing atomic 
number, and the most electropositive of all metals are the alkali- 
metals, which fonn ‘ univalent ’ ions. Thus in the ptaaodic table 
metallic character increases from right to left and from top to 
bottom— e.g. in the order K, Kb, Cs; or As, Sb, Hi; or Ti, Sc, Ca. K. 
In the halides the fluoiides an* (^ften ionic when the other halidt's 
are covalent— e.g. AllCj compared with AlCfj, or HgFg compared 
with HgCU. After protract ('d speculation about it, the heaviest 



‘ halogen ' (at. no. 85, astatine. At) appears at last to have been 
isolated, as an isotope of mass no. 21 1, obtained from the nuclear 
reaction Bi(tt, 2/1) At. The half-life of this isotope is only 7-5 hours 
but in spite of this handica]) it has been found that astatine occurs m 
solution not only as the anion At” but as cations in at least two 
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oxidation states, and the element can be deposited at the cathode. 
It is therefore apparent that the tendency to metallic properties is 
evinced even in the most electro-negative group of elements. 

Atomic Volume and the Periodic Table. — The extreme importance 
of atomic volume in determining the chemistry of an element has 
only recently been recognized, but many years ago Lothar Meyer 
showed that this was one of the most unmistakably periodic of 
the atomic properties. In Fig. too the atomic volume is plotted 
against the atomic number: the peaks of the curve are occupied 
by the alkali-metals. It is still more instructive to join up the 
points representing ekanents in the same group, as has l)(*cn done 
in the small diagrams of Fig. loi. This shows tint in (xroups 
I and IT the atomic volumes of Subgroup A fall in a natural secjuence 
with those of the tyjiical elements, while in (i roups VI and VH 
the typical elements go with Subgrou]i B: in Ciroups III, IV^ and 
y there is little to choose bt^tween them. This is in excellent 
agreement with what is known of the sequence of other properties: 
it will also be noticed that the differences between the subgroups 
are extreme at the ends of tlie table but decrease towards the 
middle, Tlic atomic volumes of the Grouj) VIII metals are all 
\'ery close. Where elements exist m allotropic forms, the lowest value 
of the atomic volume has been taken: lor elements gaseous at 
ordinary temperatures the figures refer to the liquid at the boiling- 
point. The inert gases have been omitted. 

Effect of Solvation. — It is never prudent to suppose that because*, 
a compound in the pure state, is covalent it will continue to be so 
when in solution. The hydration that it may undergo in water 
may profoundly alter its ])ro])crties, and this is true of other solvents 
as well. Pure hydrogen chloride is covalent, but dissolved in 
water it is highh/ ionized: the ions are. not 11* and CP but (HaO''") 
and CP. The increase in ionic character may again be connected 
with increase in the size of the cation. This reaction with the 
solvent is of fundamental importance in the study of acidity, and 
hydrogen chloride is a strong acid only in solvents in which it is 
solvated. The same applies to rutru* acid, which is covalent even 
in such solvents as alcohol. The dielectric constant of the solvent, 
as was shown in Chapter IV, is of less importani'e. Of all known 
acids, perchloric acid best jireserves its ionic charaider in non- 
aqueous solutions. This points to a small volume for the yierchlorate 
ion (i.e. small solvation), and is in harmony with the exceptionally 
high mobility of the ion in alcoholic solution. Organic acids, on 
the contrary, have large anions, and with few exceptions are pre- 
dominantly covalent. 

Covalent Linkages. — Covakmt compounds are distinguished by 
the absence of ionization in ionizing solvents, though, as already 
M 
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mentioned, solvation may turn them into ionic compounds. The 
absence of ions mav be proved by the usual chemical tests, by 
low electrical conductivity, and in many other ways. In com- 
parison with loinc compounds of similar type covalent substances 
are marked by volatility and solubility in non-ionizing solvents 
(usuallv organic) such as benzene or chloroform. Covalent com- 
j)ourids oftt*n have an elaborate crystal lattice of non-ionic type, 
whereas in the crystals of ionic compounds the dominant principle 
often seems to be the ]iacking of the ions together in the' smallest 
possible spac(‘, some form of cubic lattice bc'ing vcTy common. 

As an e.\am])lc of com])ounds of .similar fonnula, one ionic and 
the other largely covalent, we may givc^ the' tluoriclc' and bromide 
of aluminium ; 

Aluminium FliunuJc {Ionic) Alitnunium lironuJc [Covalcyii) 

IMelts cit rooo" tioils .it zjo' 

One form IS insoluble in w.itrt others Very soluble in \\nlt‘r tln^ solutions 
nn* slightly soluble 'I'lie solutions are hytlrolysoil 
arc ionized. 

Insoluble in organic liquids Markedly .solublt' in org.anic luiuids 

(eg benzene), the solutions aie not 
ionized 

Conductivity of Fused Salts.— The ek'ctric.al conductivity of tlu' 
fused salt is one ol the criteria for covahmey. 1'he lollowing 
table shows the coiiductivitu^s at tlu‘ melting-point of tht‘ chlorides 
of some of the elements in the earlier groups of the periodic table, 
expressed in tlK‘ same units: 

IJCl less tliau lo 

JdCl i()0, NaCl J33, KCI 103, IvbCl 7S, CsCI (>7 

Jk'Cla -oq, Mgt't. 2(), t'aCL 52, SrCIo IktCl, 05 

IlgCK 2 *s X 10-3 ptgxL ^o) 

I5CI3 o, AlC'ly 1-5 10-^, 13, YClj f)--), J.aC'b 2Ci o 

InCla 15 (InCd.^ 2c>, hiCI 130), 'J'lCIa 
less than 2 3 > 10 (TICl 47). 

CC'l, o, SiClj o, SnCb 

It has further been found tliat the variatimi with tem]ierature of 
the conductivity of the fused alkali-metal chlorides is (Xjual to the 
variation with temperature of the viscosity, .so it is supposed that 
these chlorides arc fully dissociated in the fused statt\ It is very 
interesting to notice tliat the mobilities of the alkali-metal ioifs 
decrease, as one would (*xpect, as tlic atomic volume m('ica.scs, 
whereas in aqueous solution the mobility of the hydiatcd ions 
increases Ironi lithium to caesium (p. 153). In other groups 
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the dissociation is probably not complete, and the increase in 
dissociation as the cation grows larger is of more effect than 
the accompanying decrease in mobility: Group II, typical 
elements and Subgroup A, is an excellent example of this. It 
should be noticed, too, how the tendency to covalency increases 
in Groups I to IV: the higher the valency of the cation the less 
its power of forming an electrovalent bond. This effect is also 
strikingly brought out in the chlorides of elements of variable 
valency, such as indium, thallium, and tin, the chlorides of lower 
valency having a pronounced conductivity even when the chloride 
of highest valency has none. 

The occurrence of isomerism is naturally an unmistakable sign 
of the existence of covalent bonds, since ionic bonds have not the 
fixed orientation necessary to it. Co-ordinate links (below) may 
also serve as a basis of isomerism. 

Co-ordination Compounds. — Another branch of chemistry wherein 
the new theories have proved their power is that of the so-called 
' molecular compounds.' It has long been known that many metallic 
salts will absorb and combine with ammoJiia: for example, cupric 
sulphate yields a deep blue compound, CUSO4.4NII3, and silver 
chloride, AgCl.2NHa; nickel sulphate yields NiSO^.bNHs. Before 
the foundation of the electronic theory it had become clear, mainly 
as the result of experiments by Wkrner, that in the very numerous 
compounds of this class the ammonia is bound wholly to the metallic 
ion. When we remember that a nitrogen atom possesses five 
valency electrons it can be seen that in ammonia NH, a total of 
eight valency electrons in all is present, but only six are .shared to 
bind the three atoms of hydrogen. We have but to assume that 
each ot the pairs unoccujned in Iree ammonia is employed to build 
up a new shell round the cupric ion Cu^+ to form a conception for 
the reason of the union. 


H 

• X 

H : N ; H 

H •* H 

• X • X 

H ^ N : Cu : N ; H 

X • X • 

H .. H 


-|_ 4 - 


h:n:h 

X • 


H ! 

-J 
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A covalent linkage formed by this unilateral sort of electronic 
transaction is often termed a co-ordinate linkage, because Werner 
chose the term co-ordination compound for the type of molecular 
compound we lire discussing. It must not be assumed that the 
linkage once formed differs in any way, certainly not in stability, 
from an ordinary covalent link. If we pursue tins explanation over 
tlH' whole wjcle field of known co-ordination compounds we shall often 
hnd that the octet rule must be abandoned. Thus in the familiar 
fcriocvaiiidcs and fcrricyanides we find six CN“ groups bound to the 
ferrous or ferric ion, and in the leccntly prepared inolybdeno- 
evanidt's there aie eight CN“ groups round a molybdenum ion. 
'i'liis brings us again to the question whether, as was formerly thought , 
the octet rule is universal. Tiiat it is rigorous for the light elements 
from lithium to fluorine is certain, but much chemical evidence 
would have to be discredited if it were not to be relaxed for heavier 
elemeids. The well-known structures, (SiFp)-", Sh'^., and (PC1(;)“ 
(recently demonstrated in solid phosphorus ])(‘ntachlorid('), seem to 
suggest that twelve electrons can be accommodated lound the 
nuclei of these atoms. Wliile this (juestion cannot be regarded as 
comjikitelv settled, most opinion favours the abandonment of the 
octet principle for elements after fluorine (see further, ]). 34<S) 
Cornpoimds like ammonia with unshared el(‘Ctrons are \'ery nurnei- 
oiis, and a vast range of co-ordination coiny)ounds is known in 
which anions (e.g. Cl“, NOj,-, CN’, etc.) and neutral 

molecules (e.g. NHg, HoO, CO, NO, etc.) act as ‘ donor ' groups, that 
is, supply one or more pairs of electrons towards the shell built nj) 
round a central atom or ion. The best-knowm and perhaps most im- 
portant class has a central atom or cation of the metals of the mid- 
portion of the ‘ long ' series in the periodic system. It has become 
customary to symbolize a co-ordinate link by the sign — , the arrow- 
head pointing away from the ‘ donor ' grouj) or ion. I'his convention 
is useful, provided it is not assumed to mean that a co-ordinate link 
differs in nature from an ordinary single bond, where the arrow-head 
would not be used. 

The General Nature of Electron Groups and Shells. — In order to 
realize fully the contribution that modern theory can make to 
the interpretation of chemical valency, it is necessary to consider 
the nature and particularly the maximum ^ possible electronic 
content of atomic shells. The theory of quantum mechanics, 
developed .since about 1927, now provides an orderly conspectus of 
atomic structure, and its predictions are found to be in complete 
harmony with long-established facts brought to light by the study 
of atomic sp)ectra. For our purpo.ses we shall define an atomic 
grow/) as a set of electrons bound to the nucleus by forces of similar 
magnitude. This description (as will shortly appear) differs some- 
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what from the spectroscopic and quantum-mechanical classification, 
but in chemical changes it is principally the energy of electronic 
binding in atoms that determines how they combine. 


I - 


K (2) 

IS 

[H, He] 


11 ' 

L(S) 

2p ( 6 ) 

2S (2) 

[Li-Ne] 


- IV" 


N (32) 

M (i8) 4 /> (0) . . . qrf (lo) 

3 p{(>) 4s (2) . . . 4/(14) 

3 s (2) 3rf (10) 

[Na-A] |K-Kr] 


In the above scheme an attempt lias been made lo include not 
only tlie spectroscopic terminology and classification, but alsi) the 
energy se])aration of the various electronic classes. The capital 
letters K, L, M, N, etc., designate shells of electrons whose behaviour 
IS associated with a given ‘ t[uantum-number,' i, 2, 3, 4, etc. 'Jhe 
meaning of the term ‘ quantum-number * is to be sought in the 
equations of (luantum mechanics, and it is unnecessary to elaborate 
its interpretation here. It will be seen that the total possible 
electronic content of a shell with quantum-number w is 2 n‘^, giving 
the numbers 2, 8, t 8, 32, and so on. The small letters s, p, d, /, 
liesignating sub-shells, are drawn Ironi spectroscopic terminology, 
and are taken to indicate types of electronic orbit differing in 
angular momentum, as described on p. 336. 


Type of 
orbit 


I 

{.seep J30) 


Angular momentum 
of electron 


s 

P 

d 

f 


o 

V 2 h/27r 
h/27T 
2 \'3 h/27T 


fhe numerals in parentheses after the small letters give the 
maximum numlier of electrons allowed to adopt the type of motion 
concerned. It will be seen that these numbers follow the integral 
sequence 2(2/+!). 

The difference in binding energy is largest between shells K and 
L, and steadily decreases in the order K., N ... . To assess the 
order of magnitude of the energy difference between the K and L 
shells, we may note that if all the (is) electrons in a gram-atom of 
hydrogen were to be transferred to the L shell an input of about 
250,000 calories would be needed. It is this enormous energy 
difference which confines hydrogen to univalent behaviour, for 
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while two electrons may be accommodated in the K shell, further 
electrons entering the atom as a consequence of higher covalency, 
must pass to the L shell, and no known terrestrial chemical reaction 
could supply 250,000 calories per atom combining. Owijig to its 
minimal nuclear charge the energy difference between K and L 
shells is less in hydrogen than in any other atom. 

In the K and L shells the shell and the group (as defined above) 
coincide, for there is only a comparatively small difference in bind- 
ing energy between ,9 and p types in any shell. On the contrary, 
there is usually a large difference between s (or p) and d (or 
f). For this reason the sub-shell falls not into Group III 
but into Group IV, while electrons in 4^ and 4/ fall into Group V 
(not complet('ly shown in the diagram). This complication leads 
directly to the appearance in the Periodic System of its typical 
' long * periods (filling of d orbits, see p. 772), and of the rare-earth 
elements in their assigned position (filling of orbits, see p. 542). 
It will be coru'enient to remember that a filled electron group contains 
s and p electrons of quantum number equal to the group numbei, 
and d (and /) electrons of quantum number one less than the group 
number; in short, Group n contains two ns and six np electrons, 
with ten (n—i)d electrons: Group V also has fourteen 4/ electron.s. 
Electrons cannot adopt a p type oi orbit if the (|uantum number is 
less than 2, nor d or f types if it is less than 3 or 4 resiiectivcly. 

The Valencies of the Elements Ne to A.— In neon (Z - 10) thi. 
shells K and L (identical with Groups I and II) arc completed, 
while in argon (/--iS) the third group is full, but the M sheU still 
lacks its complement of ten ^d electrons, notwithstanding the 
inertness of argon. We might deduce from these facts that the 
valencies of the active intermediate elements Na to Cl would be 
governed by the same deficiencies in the 6' and p classcis alone, as 
certainly determine the valencies of the set of tilements Li to F. In 
short, we might assert an ‘ octet principle ’ for the Pcilcxhc Series 3. 
as we do, in complete accoid with chemical facts, for Senes 2. We 
should then be compelled to devise structures foi the compounds ol 
e.g. phosphorus, sulphur, and chlorine, which showed no more 
than an octet of electrons associated with these atoms. For 
example, we could write for ions of the type {XO^y^~ the structures 

000 

t t t 

0<-p3-->0 0^S2--^0 0^Cl-->0 

i 

O (PO^)^- o (SOJ2- o (CIO4)' 

By the lavish use of * co-ordinate ' linkages so exemplified it 
proved feasible to account theoretically for many of the compounds 
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concerned. With the accumulation of detailed knowledj^e of mole- 
cular structure drawn from the modern methods of X-ray and 
electron diffraction, however, it has become increasingly difficult, 
and not infrequently impossible, to justify such structures. The 
co-ordinate link is essentially a single bond, but the known dimen- 
sions of e.g. the sulphate ion appear to demand bonds between 
sulphur and oxygen at least as short as double bonds. The striking 
fact, mentioned on p. 333, that the valencies of these elements 
advance to a maximum as wholly even or wholly odd numbers can 
hardly be fortuitous, and is exactly jiredictable if we assume that the 
electrons occurring in pairs in the 3s and 3/) sets can be unpaired by 
spontaneous transference (or ‘ promotion ’) to vacant orbits: each 
pair of electrons so separated must increase the valency by two 
units. 

The indications arc that valency electrons in phosphorus, sulphur, 
and chlorine can utilize the orbits, even though these belong (by 
energetics) to Group IV. The dilhculty is to explain why a similar 
means of chemical activation does not take place with argon. At 
present therefore we have a contradictory state of affairs. The 
sequence of elements in the l\‘riodic vSystem is in harmony with our 
classification into groups, while the detailed valencies of the elements 
:ippear to Te<iuiie us to ignore the energetic distinction between 
groups and shells. It is to be hoped that further advances will 
succeed in resolving these difficulties. 

Some Examples of Co-ordination Compounds. — The electronic 
theory accounts successfully for the types of valency met with 
in co-ordinated compounds. In our discussion of complex ions 
(p. 2 ot) we showed that from platinous chloride, PtClg, ammonia, 
and potassium chloride the following complex ions could be obtained: 

(Pt.4NH3)** (Pt.3NH3.Cl)* (Pt.NPI3.Cl3)' (PtCl^)" 

as well as an unionized substance, Pt.2NH3.Cl2. It is now clear 
that in these compounds the ammonia molecule replaces a chlorine 
ion by virtue of its donor properties. P'he electron structures 
of the unionized Pt.2NH3.Cl2 and of (Pt.NH3.Cl3)' are: 
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A further proof of the covalent nature of the linkages in these 
compounds is afforded by the existence of isomerism. Thus 
Pt.2NH3.Cl2 exists in two isomeric forms, which leads one to suppose 
that the groups are arranged not in a tetrahedron, as in the carbon 
compounds, since on this basis no isomerism would be possible, but 
in some less symmetrical manner - in a plane. 



In the numerous compounds in which not four, but six groups or 
atoms are connected by covalencies or co-ordinate valencies with 
the central atom, an octohedral arrangement obtains. Thus 
platiiu'c chloride, PtCl4, forms with ammonia an unionized com- 
pound, Pt.2NH3.('l4, wliich occurs in two forms to which we may 
assign the structnies: 


Cl 



NHj T CL 

Cl 


CL 


NH. 


Cl I 



I nh. 


CL 


Cl 


The student should assure himself by turning tlic diagrams round 
(i) that the structures really are different, and (2) that no others 
are possible. The elements of Group VIII are particularly liable 
to form such compounds, and the same applies to chromium. 

Inner Complex Salts. — Most interesting examples of internal co- 
ordination in what are called chelate compounds have been much 
studied in recent years. In these compounds a metallic atom 


CH 

\ 

CH, C 



\ 

o o 


C CH, 

X 

CH 

/ 

==C CH, 


which might be expected to appear as an ion does not do so; the 
compounds are unionized, frequently volatile, and show every 
symptom of covalency. They contain rings in which the metallic 
atom is bound by co-ordination with one or more other atoms in 
the same molecule, and the property is therefore very readily 
exhibited by jS-diketones, such as acetylacetone, which contain 
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suitably placed oxygen atoms. Acetylacetone in the enolic form 
is CH3.C{0H) tCH.CO.CHg, and the hydroxylic hydrogen atom is 
acidic and can be replaced by metals. The diagram shows the 
structure of the beryllium derivative of acetylacetone, the arrows 
indicate a co-ordinate link m which an oxygen atom provides and 
the beryllium atom accepts a j)air of electrons. The beryllium atom 
has its octet complete and the compound is completely covalent. 
A similar ex])lanation has been advanced of the comidcxes ])roduced 
from metallic ions and hydroxylic organic substances — see, for 
example, Fehling's solution (7). 461). 

Stereo-isomerism. — It has been abundantly proved that in favour- 
able circumstances the jiresence of these chelate groups may lead 
to stcreo-i^<.)merism. In the metallic amrnines the stcreo-isomeric 



NO, NOj NO2 

ABC 


comi'xiunds which have been most investigated are those containing 
ethylene diamine, NH2.('H2.CHjj.NM2. The amino group, — NHg, 
has the same donor pro]}erties as ammonia, and for the same 
reason; the molecule ot ethylene diamine is therefore a donor at 
both ends and counts two towards the co-ordination-number of 
any metallic atom with which it may be combined. Thus two 
optically active salts are known containing the complex cobaltic 
ion [Co.2NH3.(N02)2-(NH2.CH2-LH.>.Nll2)]‘, and the structures as- 
signed to them are A and H; they are mirror-images. C, on the 
otlier hand, is an optically inactive isomer, and the difference 
between C and either A or B is similar to the difference between 
the isomeric platinic compounds just discussed. Students of 
organic chemistry will understand why A and B are called the 
c/s-isomers while C is a trans-xsamer. Werner also succeeded 
in preparing optically active salts containing no carbon atoms, 
thus disposing of the view that the presence of a carbon atom is 
necessary to optical activity The first compound of this type to be 
produced had the formula |Co(Co.4NH3.(OH)2)3JBr5. The group 
Co. 4NH^.(OH)2, like ethylene diamine, counts two towards the 
co-ordination-number of the central cobalt atom. 

The Conception of Mesomerism. — If the formulae proposed 

*M 
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on p. 340 and p. 337 for ozone and nitrate ion respectively, 
namely: 

O 

0+ !l 

\ and + 

o o ■ /\ 

0 - 0 - 


faithfully represented the structures of these molecules, we must 
find that the ozone molecule has the shape of a scalene triangle, and 
nitrate ion that ol an isosceles triangle, for it is found that double 
bonds are invariably shorter than the corresponding single bonds. 
It is however known that both the O, O links in ozone are equal in 
length, as arc all the N, O links in nitrate ion, the actual shapes thus 
being an isosceles and an equilateral triangle respectively. 

In devising the original single formulae we have evidently arbit- 
rarily selecled certain oxygen atoms out of the total number in the 
molecule to participate in the double bonds. If such an arbitrary 
selection were not justified we must propose no less than three 
structures for nitrate ion, and two for ozone, 


o- o- 

^N+-0- \n+-0 ^N+-0-; ^ 

o- o- O 0 0- 
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and it becomes clear that we have no ground lor preferring one of 
these formulae above the others; we must in fact accept them as 
whole. To a chemist with a classical viewpoint this argument may 
well seem to be something like a verbal quibble, for it cannot be 
denied that the structures proposed for each molecular species are, 
in fact, chemically identical. The principles of c]uantum mechanics, 
however, demand that we regard the atoms of oxygen in each case 
as distinct entities, but deny that we can expect all the electrons in 
a given structure to be localized in particular chemical bonds. The 
quantum-mechanical view of ozone is that two of the total of six 
‘ bonding ' electrons serve to bind not two atoms but all three 
together, while in nitrate ion two out of the total of eight bonding 
electrons bind the three atoms of oxygen equally to the central 
nitrogen. To approximate to these representatiijns of the two 
molecules, and still retain classical bond-diagrams, we must imagine 
our diagrams in each case taken in ecjual parts and ‘ fused ’ together, 
to give a single molecular structure. Equalization of the bond 
lengths, required to obtain agreement with experimental data, 
follows at once. Moreover, the originally localizeil negative charges 
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become equally shared by iriore than one oxygen atom in each 
molecule. It must be emphasized that such somewhat circuitous 
methods of arriving at a true representation of a molecule originate 
from our persistence in employing the traditional bond-diagrams. 
If ozone and nitrate ion are treated ab initio from a quantum- 
mechanical standpoint, without a classical chemical prejudgment, 
the totally symmetrical structures would emerge quite naturally 
and directly. 

Although we have chosen to illustrate the phenomenon of meso- 
merism by two very simple molecules, the reader will at once realize 
what a widespread use must inevitably be made of the notion, so 
long as chemists wish to retain classical bond-diagrams. A further 
aspect of the matter is illustrated by the example of nitrosyl chloride. 
Classically we might be content with the diagram O— N— Cl, which 
at least assigns the correct valencies to all the atoms. However, 
it IS found that the distance between the centres of the nitrogen 
and oxygen atoms is too short, and that between nitrogen and 
chlorine too long, to agree with this structure. Now we have rea.son 
to believe that the cation (N=^0)+ is very stable (see p. 338), as is 
chloride ion Cl“. The ionic, salt-like molecule, (NO)'*‘.Cl-, might well 
be as stable as the covalent type previously written. It becomes 
apparent that we ought to accept both structures, but not in the 
crude form of a tautomeric mixture, for the (gaseous) compound 
certainly has no actual salt-like properties. Again there must be 
an imaginary process of ‘ fusing ' the two bond-diagrams. This 
case differs from those first noticed, for no chemist would accept 
the two diagrams as representing identical structures. Quantum- 
mechanical principles teach that mesomerism must be assumed 
(a) when the interatomic distances in the bond-diagrams are equal 
or at most slightly different, i.e. when the ‘ nuclear skeletons * t>f 
the diagrams are nearly alike, (b) when in addition to the condition 
(a) the diagrams represent structures, which, if they separately 
existed, would have nearly equal stability, i.e. nearly equal energies 
of formation. 

The term ’ mesomensm,’ by which we have described a matter of 
the most fundamental importance in chemistry, has unfortunately 
not gained the currency in chemical literature that it deserves. 
Most authors still appear to prefer the term ‘ resonance,' which, if 
employed (as it commonly is) away from its strictly quantum- 
mechanical context, is a wholly misleading description. It can 
hardly fail to give the impression that there is some actual vibra- 
tional relationship between the various bond-diagrams, concerned 
in the so-called ‘ resonance hybrid,' which is the result of what we 
have called ' fusion.* No such relationship exists. It must be 
clearly understood that the real phenomenon we are concerned with is 
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not at all the possibility of more than one bond-diagram (which is 
an accidental consequence of the way in which chemical thought 
has developed), but the participation of some at least of the bonding 
electrons in molecules in all the bonds of the molecule. A further 
consequence oi mesomcrism is that the stability of the single 
structure deduced as a true representation of a molecule is greater 
than that predictable for any of the fused structures: and the 
larger the number of structures that can legitimately written and 
then fused, the greater is the gain of stability. This important 
effect may be invoked to explain what had long puzzled chemists, 
why nitric oxide, NO, does not spontaneously polymerize to NoOa. 
The latter lormula was to be ex])ected on purely chemical grounds, 
for it would assign ccarect valencies to the two atoms. We may 
distribute the ii available electrons in tw^o w^ays, [a) and (b): 

: N : () : : N ; O : 

(a) (h) 

and the fused form would be more stable than either {a) or (b). It 
IS, in fact, so stable that the reaction 

2NO->N.p, 

becomes cndotliermic. 

It will be clear that the princijde of mesomerism often relieves us 
f)f the old problem of decision between several classical formulae. 
We are not only allowed, but compelled, to accept all possible 
torraulae that comply with the essential conditions mentioned above. 
In this connection we may refer again to carbon monoxide, to 
w'hich. on semi-classical grounds, we assigned the single formula, 
C“^0+ (p. 339). The principle of mesomerism directs us to give 
consideration also to alternative formulae, such as those represented 
by the electron assignments (c) and (d) below: 

C ; O ; : C i O 

(;) w 

Both oi these formulae would be classically written asC~0. The 
true representation of carbon monoxide is a fusion of at least all 
these tyues, but at present we cannot decide with certainty what 
■ w^eight ’ in the ' fusion mixture ' should be given to the individual 
(and hypothetical) structures. The classical bond- diagrams are 
proving too crude to represent the subtleties and complexities of 
chemical c'^mbination, especially as they necessarily imply that 
bonding electrons are all apportioned to linking only pairs ol 
atoms. 
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CHAPTER XII 


HYDROGEN AND OXYGEN 

Hydrogen 

H~i*oo8o. Atomic 'Number, i 

History. The recognition of h\'drogen as a distinct species of 
matter (‘ inflammable air ’) is due to Cavendish, who in 1766 
obtained it by the solution of metals, e.g. zinc and iron, in dilute 
sulj)hiiric and h\'droch]oric acids. It was Cavendish also who 
showed it to be a constituent of water (1781-4), a fact in virtue ot 
which Lavoisier gave it the name hydrogen, or ' water-producer.' 

Hydrogen is in manv wavs unique among the elements. Not 
only is it the lightest ot all substances, but it has the lowest atomic 
number and atomic weight of any element. Its atom consists of 
a single proton accompanied by a single electron, and it is assigned 
to no group ot the periodic table. The hydrogen ion, which in the 
unsolvated form consists ot a single proton, is one of the ions of 
water, is the essential constituent of aquo-acids, and plays a part of 
extreme importance in the chemistry of solutions. 

Occurrence. — Hydrogen is one of the most abundant of elements, 
if the number of atoms is made the basis of the calculation, being 
preceded only by oxygen and perhaps by silicon, but its atomic 
weight is so small that on a weight basis it takes a much lower 
place in the list of relative abundance. Nearly all the hydrogen 
in the world is in the form of water. Some free hydrogen occurs 
ill certain natural gases, and hydrogen is an essential constituent 
of living matter. Little remains in the air, for the high molecular 
speed enables it to escapie from the earth's gravitational field. 

Preparation of Hydrogen. — Nearly all the commercial methods 
tor preparing hydrogen start from water; some hydrogen, however, 
is isolated from coke-oven gases. 

1. Water-gas Process . — The preparation ot hydrogen from water- 
gvas by the Bosch process is described in the section on synthetic 
ammonia (p. 388), and is carried out on an immense scale in most 
countries possessing a chemical industry. Liquefaction technique 
has made such advances m recent years that in large installations 
of the future it may be decided to free the hydrogen from the 
accompanying gases by liquefying them. 

2. Coke-oven Gas. — Coke-oven gas contains about 50 per cent ot 

.VSQ 
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hydrogen. The carbon dioxide and hydrogen sulphide can be 
removed chemically, and the gas is then compressed to ten atmo- 
spheres, a pressure at which the volatile hydrocarbons are liquefied. 
The liquid is a valuable source of ethylene. The uncondensed gas 
consists of hydrogen with a little carbon monoxide, from wliich it 
can, if necessary, be freed by passing it through liquid nitrogen. 

3. Liljmrolh Process . — In this process a mixture of phosphorus 
vapour and steam is passed over a catalyst: 

2P-f«H,0=r2HJT),-|-5lL. 

The phosphoric acid is combined with synthetic ammonia to make 
ammonia phosphate, used in (ertilizers. This process was worked in 
Germany before the war ot it)3q-q5. 

4. Electrolysis . — The electrolysis oi water, usually acidihed with 
a little sulphuric acid, yields a very pure gas if the electrodes are 
separated by a diaphragm and care is taken to see that no mixing 
takes place. If the hydrogen is required under pressure, it is found 
to be more economical of power to generate it directly under pressure 
by electrolysis than to generate it under atmospheric pressure and 
to compress it afterwards. The electrolytic process is worked at 
several factories where ammonia is synthesized by the Claude 
process. Half the volume of oxygen is produced at the same time. 
Some of this can with advantage be used instead of air for the 
oxidation of ammonia to nitric acid, but oxygen is very largely a 
drug on the market and most of it is allowed to escape into the air. 

Cheap electric power is essential to the process, but in the neigh- 
bourhood of abundant water-power it can compete successfully 
with the Bosch process. Immense quantities of hydrogen are 
produced during the manufacture of caustic soda by electrolysis. 
Some IS used for the manufacture of hydrogen chloride, but most 
of it is run to waste, since the gas cannot be li(|ucTied without 
great difficulty, and this makes economical transport impossible. 
In certain parts of Germany, however, a system of pipe-lines was 
developed in which hydrogen could be transmitted at high pres- 
sure from the centres of production to the factories where it was to 
be used. 

5. Reduction of Steam with Iron . — When iron is heated in steam, 
triferric tetroxide and hydrogen are produced: 

3Fe+4^2^=I*®8^4+4H2- 

The iron can then be regenerated by producer-gas or any other 
reducing gas. This process was formerly of importance, but is 
now used only in territories where fuel is scarce and power unusually 
expensive. 

It will be seen that the manufacture of hydrogen has benefited 
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as much as any industry by modern applications of low-temperature 
and high-pressure technique. Besides the vast quantities used in 
the synthetic ammonia industry, production is absorbed in the 
manufacture of methyl alcohol and other synthetic organic 
chemicals (p. 571), in the hydrogenation of coal, and in the harden- 
ing of oils and fats (p. 802). Small quantities are used in the manu- 
facture of hydrogen chloride, the oxy-hydrogen and atomic hydrogen 
blowpipes, and in tilling balloons. 

Laboratory Preparation. — In the laboratory hydrogen can be 
obtained from a cylinder or prepared by the action of dilute acids 
on metals. Zinc is the metal most commonly used for the purpose 
as, unless very pure, it dissolves readily in dilute sulphuric or 
hydrochloric acid. The action can be accelerated by the addition 
of a small cpiantity of a copper salt, which deposits copper on the 
zinc and forms a ‘ couple.’ Kipp’s apparatus or some similar 
device may be used. The gas is washed with water and dried 
with concentrated sulphuric acid, but it is not very pure, and 
cannot easily be freed from traces of air. 

Fairly pure hydrogen can be obtained from zinc and sulphunc acid 
by washing the gas with alkaline permanganate solution, followed by 
caustic potash and drying agents. In this way oxides of sulphur, 
caibon, and nitrogen and hydrides of carbon, phosphorus, and arsenic 
can be lemuved, but a little air remains. The purest hydrogen is 
obtained bv electrolysis. Carbonates are very undesirable impurities 
in the electrolyte, because carbon dioxide, which is soluble in water, 
might diffuse Iroin the anode to the cathode and contaminate the 
hydrogen. A solution of baryta is therefore used, barium carbonate 
being insoluble in water. Back-diffusion of oxygen is minimized 
by the u.se of an apparatus of the familiar U-tube tyi)e, and if the 
apfiaratiis is evacuated before electrolysis is begun, the only impuri- 
ties in the hydrogen evolved are water- vapour and a little back- 
diffused oxygen. The lattei is removed by passing the gas over 
asbestos on which palladium has been deposited (compare ])iatinized 
asbestos). This leads to the formation of water, and the hydrogen is 
dried first with caustic potash and then with phosphorus pientoxide. 

Hyd logon is also produced by the action oi powerful reducing 
agents, such as the alkali-metals or chromous compounds, on water, 
or by the action of certain elements, such as zinc, aluminium, or 
silicon, on caustic alkalis, but these methods aie not often employed. 

Properties. — Hydrogen is a colourless gas with no taste or smell. 
It boils at —253° and can be condensed to a colourless solid at 
—259°. Hydrogen is the lightest of known substances, having 
a density of only 8*985 x io~® gm. per c.c. at standard temperature 
and pressure. This corresponds wath a diatomic molecule. At 
the boiling-point, the liquid has the very low density of 0*0711 gm. 
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per c.c. Hydrogen is only very slightly soluble in water (about 
l8 c.c. per litre at 12°), and forms no hydrates. On account of its 
low molecular weight, it diffuses very rapidly and can pass through 
sucli serni-porous materials as cork or rubber, a fact which it is 
often necessary to bear in mind in the laboratory. The large 
volumes of hydrogen which can be occluded by palladium are the 
subject of sej)arale discussion (p. 811), but many other metals 
show this effect on a smaller scale, and at high temperatures many 
metals, iron among them, become ]K‘rmeable to the gas. 

Allotropy of Hydroifcn.-Ai can be shown by calculations based 
on wave-mechanics that hydrogen should be capable ot existence 
in two allotropic forms, differing in nuclear spin. This view was 
confirmed in 1929, when by fractional adsorption on charcoal under 
jaessure in licjuid air, hydrogen was separated into its allotropes. 
These are called ortho- and /)6/rrt-hydiogen, and ordinary hydrogen 
is a mixture of the two in equilibrium, containing, at ordinary 
temperatures, just 75 per cent of the ortho-variety. Tliere is a 
slight evolution of heat when the ortho- is converted to the para- 
\’ariety, and the equilibrium proportion of the latter is consequently 
favoured by low temperatures. At liquid air temperatures the 
pata-form predominates, and can be prepared nearly pure from 
ordinary hydrogen by adsorption at this temperature on charcoal, 
a method which avoids the extreme slowness with which equilibrium 
is reached in the gas phase. Even at room temperature para- 
hydrogen, prepared in this way, is stable for nearly a week when 
confined in glass vessels, though such catalysts as charcc)al or 
platinum cause a verv rapid reversion to the e([uilibriurn mixture. 
At high temperatures the conversion takes place as a homogenous 
gas reaction of order 1-5. It is supposed that the para-hydrogen 
molecules are converted by collision with hydrogen atoms produced 
in the ordinary way by thermal dissociation: 

H l-Hjj(para) ^-H -f-H.^(ortho). 

The two forms ot hydrogen show small but perceptible differences 
in physical properties. Ortho-hydrogen has not been obtained 
pure, as present methods allow the isolation onlv of the variety 
more stable at low temperatures, but the melting-point of para- 
hydrogen is 13*88'^ Abs., compared with 13*92° Abs. for the ordinary 
form, and there is also some difference in the boiling-point, since 
at 20*39° Abs., the boiling-point of ordinary hydrogen, the vapour 
pressure of para-hydrogen is 787 mm. The specific heats are also 
slightly different, and the conversion of one form to the other is 
usually followed by measuring the resistance of a hot wire in the 
gas (p. 99). 

Active Hydrogen , — The dissociation of hydrogen into free atoms. 
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negligible at ordinary temperatures, occurs freely at very high 
tem])eratures, such as can be attained with the electric arc. The 
recombination of hydrogen atoms gives out much heat, 2H=H2H- 
103400 cal. (cf. 2H2-f 02=2H20 H-ii()Ooo cal.), a fact used in the 
atomic h>^drogen blowpipe. A stream of hydrogen is partially 
dissociated into atoms by passage through an arc struck between 
tungsten electrodes, and when directed on to the surface of a metal, 
the latter strongly catalyzes recombination, and may easily be fused 
by tlie heat liberated. Welding in a reducing atmosphere may thus 
b(‘ etlected. 

A nK)re (onvenieni method of producing atomic hydrogen is to 
submit hydrogen at normal teni])erature and low pressure to the 
action of high tension discharge in an appropriately constructed 
di^drarge-lube: one 2 cm. in diameter and about 2 metres long is 
suilable. The atomization is facilitated by the presence of water 
va})our (or oxygen). As might be expected, the atomic hydrogen so 
formed is a powerful redui'ing agent. The oxides and chloriiles of 
copper, mercury, lead, and bismuth are reduced to metal rapidly at 
room temperature. Phosi)horus penloxide yields phosidiine, and 
etlndcne, ethane. The alkali-metals are converted into tlieir hy- 
dride's in a strongly exothermic reaction, and hydrides are produced 
trom elementary suljihui, ])hos])horus, arsenic, and antimony: even 
bismuth yields its hydiidi' in trai'es. 

As an example of the activity of ordinary hydrogen, it may be 
mentioned that when under pressure it will }>recipitat(^ lead from 
lead nitrate solutions at 250'' and ujnvards. 

Hydrides. At ordinary tcaniieratiin's, however, hydrogen shows 
little chemical activity, and among the elements only fluorine, 
(hlorine, and bromine will combine with it in the cold and in the 
absi'iice of a catalyst, while with chlorine and bromine the action 
of light is necessary. The binary compounds of hydrogen aic 
called hydrnlc^, but the term is not usually applied to such com- 
pounds with non-metals as llCl, hydrogen chloride, or HoS, 
liydrogeii sulphide. The whole group of hydrides falls into three 
divisions which correspond at the same time with the pro])erties 
of the compounds and with the position of the second element in 
the periodic table. 

I. Elements on the right-hand side of the table, including all 
the non-rnetals (except the inert gases) as well as a few metals, 
form covalent hydrides. These are volatile colourless compounds, 
nearly all gaseous at room temperature. If we exclude the heavier 
hydrocarbons, the least volatile of them is probably water. The 
formula of these compounds is RHg_^,, where v is the group valency 
of the element R, but tiiere arc exceptions to this rule, .such as the 
hydrides of boron or carbon, in which the molc'cule contains more 
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than one atom of R. In any group the stability of the hydrides 
decreases with increasing atomic number. 

2. The alkali-metals and the alkalinc-earth metals form electro- 
valent hydrides; these are colourless substances solid at room tem- 
perature. Hieir electrovalent character is attested by their low 
volatility, their behaviour on electrolysis, and their ionic crystal 
lattice. Thus lithium hydride has the sodium chloride crystal 
structure, and when fused arul electrolysed gives hydrogen at the 
anode. The general formula is MH^, where v is the group valency 
of the metal M. 

3. Of the remaining elements many form no hydride, others 
form solid compounds of alloy type in which the valency relations, 
and even the composition itself, are sometimes not at all clear. 
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Preparation of the Hydrulcs , — The principal methods are as follows’ 

1. Direct combination. This seldom takes place unless a cata- 
lyst is present, but fluorine will combine with hydrogen even at 
very low temperatures. Heating is often sufficient — e.g. sulphur, 
iodine, or the alkali-metals — or the action of a catal3^st under 
favourable conditions in the cold — e.g. ox^/gen or nitrogen. Certain 
elements, such as arsenic, will combine with ‘ nascent ' hydrogen, 
that is, with hydrogen in the course of production in the same 
reaction mixture, and the unstable h^^drides of tellurium or lead 
can be prepared by electrolysis of aqueous solutions with cathodes 
made from these metals. Other elements, such as carbon, will 
combine with hydrogen under the influence of the electric spark. 

2. Many of the more volatile hydrides can be prepared by mutual 
replacement, e.g. hydrogen chloride from sodium chloride and sul- 
phuric acid or phosphoric acid. 

3. Certain hydrides, many of them difficult to prepare in other 
ways, can be obtained by the action of dilute acids on binary 
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compouiKls between the element concerned and magnesium, 
calcium, or aluminium. The hydrides of silicon, for example, 
are made from dilute hydrochloric acid and magnesium silicide. 

The more important hydrides other than water are discussed in 
connection with the second element. 

Hydrogen as a Reducing Agent. — At high temperatures hydrogen 
IS a valuable reducing agent, but at ordinary temperatures its 
chemical inertness prevents much use being made of it. The 
displacement of hydrogen from solutions by the less electropositive 
metals is a reversible process, but it is usually very difficult to 
demonstrate the back-reaction, which in the absence of a catalyst 
takes place extremely slowly. Platinum is one of the best 
catalysts, and the hydrogen electrode, made of platinum covered 
with platinum black (p. 250), depends on the reversibility of the 
change: H2^2 electrons+2H’. In the presence of platinum black 
gaseous hydrogen at normal pressure will reduce solutions of 
chlorates, cupric and silver salts. The reducing power of hydrogen 
aj^pears to be greatly enhanced by the presence of metals. At 
ordinary temperature hydrogen released in acid solution by zinc or 
magnesium reduces arsenic compounds to arsine; nitrates are easily 
rt'duced to ammonia by hydrogen released in alkaline solution by 
aluniiniuin, and clectiolytic reduction at cathodes of mercury and 
lead is much used. At slightly higher temperatures in the presence, 
for exam]ilc, ol nickel, ethylene is reduced to ethane, and carbon 
monoxide to methane. The detailed mechanism is still somewhat 
controversial, but it is agreed that the effective reducing agency is the 
temporary binding of hydrogen atoms to the metal surface, and that 
metals show specific powers in so holding hydrogen. 

Deuterium. — In 1919 vStkrn and Voli.mp:r searched for a heavy 
isotope of hydrogen by a diffusion process. They failed because 
they used hydrogen juepared by electrolysis, which, as is now 
known, contains very little of the heavy isotope. Indeed, until 
1929 the existence of any such isoto])e seemed unlikely, since the 
atomic weight of hydrogen agreed closely with the mass of the proton 
determined with the mass-spectrograph. The discovery of the 
heavy isotopes of oxygen introduced a discrepancy into this agree- 
ment, and late in 1931 the existence of a hydrogen isotope of mass 
number 2 was announced in America by Uj^ky, Bkickweddk, and 
Murphy, who obtained it by the fractional evaporation of liquid 
hydrogen. They called it deuterium (symbol D). In the following 
year Washburn and Urey effected a partial separation of ' heavy 
water,' or deuterium oxide, D^O, by electrolysing ordinary water, 
in which it occurs in very small proportion; the ordinary water is 
decomposed more rapidly than the heavy water. 

Hydrogen is distinguished from all other elements by the ease 
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with which its isotopes can be separated, a consequence of the 
great relative difference in mass number. Ordinary hydrogen and 
ordinary water are believed to contain one atom of D in about 
5,000 of H, and no segregation of isotopes has been detected in 
different natural waiters. Fractional electrolysis of water is used 
as a inetliod of concentration, and instead of ordinary water the 
electiolyte from commercial cells used in making oxygen and 
hydrogen may be used with advantage, as it already contains a 
concentration of Dj,0 above the normal. From 20 litres of such 
water (sp. gr. 1-000034) G. N. Lewis and Macdonaed obtained as 
residue o-i2 c.c. containing over (jq-qq per C(‘nt 1 ).^0. This water has 
a sp. gi. of 1-1056. Mixed with ordinary water it may also be made 
by fractional distillation of water, jireferably at reduced juessure, 
or by acting on dilute acids with iron or zinc, when the hydrogen 
111 the residue retains an increased concentration of D. Thermal 
diffusion of hydrogen also leads, as would be t‘xpected, to separation 
of the isotopes, and so doi-s fractional absorption. The atomic 
weights of the two isotopes, in terms of the isotope, are 1-008123 
and 2-01471. 

Pure deuterium oxide freezes at d 3-8 ' and boils at 101-42". 
The vapour pressure is 87 jier cent of that of 01 din ary water at 2o‘ 
and q5 per cent at 100"; hence the advantage of distillation at low 
pressure when attempting the separation. Like ordinary water, 
heavy water has a temperature of maximum density, but it is i !-(>'' 
instead of 4^. This indicates a greater ‘ degree of association ' in 
heavy water, as also do the lower volatility, the higher heat of 
vajiorization, and the much greater viscosity (28 per cent over that 
of ordinary water at to'"). The deuterium ion has a much r(-duc(*d 
mobility, for which the increased viscosity of the medium is ])artlv 
resjionsible. The solubility of many salts in heavy water is less 
than in ordinary water, though others are more soluble. The 
refractive index of heavy water is different from that of ordinary 
water, and this property, together with the density, is commonly 
used in determining the proportion of heavy hydrogen in a sample. 
Hea\’y water is very hygroscopic. It is believed not to support the 
life of higher organisms, for tobacco seeds die when placed in it, 
and the same has been said of tadpoles, wonns, and lish. 

Ammonia containing 99 per cent heavy hydrogen has ])een pre- 
})ared from magnesium nitride and lieavy water. Its freezing- 
point is 1-3° higher and its boiling-point 2-2'' higher than that of 
ordinary ammonia, while the heat of vaporization is 193 calories 
per mole greater (compare heavy water). It smells like ordinary 
ammonia. Many organic compounds are known in which deu- 
terium has beim substituted for hydrogen. They do not differ 
markedly from the hydrogen compounds. 
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The Valency of Hydrogen. — A number of compounds is now known 
in which we are compelled, on experimental grounds, to assume 
that a pair of atoms from the group nitrogen, oxygen, and fluorine 
is brought, by the agency of hydrogen, into a close contiguity, or 
into a structural relationshij), only comprehensible if in some way 
hydrogen exerts a bonding action between the pair of atoms. As 
examples may be quoted: 

(1) The ion HEg'* which must be formulated (F.H.F)~. 

(2) Pairs of oxygen atoms in cr^’stals of KH0PO4 and of NaHCO.^ 
are abnormally close together. 

(3) The crystal structure of ammonium fluoride, NH^F, in which 
nitrogen atoms are found with only four fluorine neighbours, 
instead of the eight to be expected if the structure were similar 
to that of other ammonium halides (p. qo). 

(.4) The constitution of ice and water, discussed on p. 103. 

(5) 'The dimenc forms of the lower fatty acids, such as formic and 
acetic acids, have recently been ])roved (by the method of 
electron diffraction) to have the structure 


lUX 


C\ 

SQ 


>C.R 


As explained on p. 347 hydrogen is debarred from exerting a 
normal bivalency, since in no case could the atom accommodate 
more than two electrons. The most probable explanation of the 
bonding effects exemplified above is one based on two unique 
properties of hydrogen: (a) The proton is unprotected by non- 
valency electrons, (b) the small radius of the (combined) h3'drogen 
atom (approximately 0-3 Angstrom units). Both these properties 
would enhance a purely electrostatic attraction between hydrogen 
and the atoms it links together. It is no doubt significant that the 
' hydrogen bridge ' has only been observed between highly electro- 
negative atoms. In the case of HFg' it may well be assumed that 
the structure is purely ionic, and to be formulated as F~.H + .h“. 
Such a view is strongly supported by the observation that in 
different hydrofluorides (e.g. of sodium, potassium, and ammonium) 
the distance between the fluorine atoms varies, and is thus affected 
by nature of the cation present. Such an effect would be expected 
if the binding in the anion were ionic. The best-known examples 
of hydrogen bridges between oxygen atoms may be regarded as 
originating either in the interaction of two hydroxy- 1 groups (or 
ions) as in ice, or in the interaction of a hydroxyl group with doubly- 
bound oxygen, as in the fatty acids. It is almost certain that in 
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these examples the linking hydrogen atom remains closely asso- 
ciated with the oxygen atom to which it would be solely attached 
in the monomeric molecule, i.e. it does not assume a position equidis- 
tant from each bound oxygen atom. In such examples, therefore, 
we must invoke dipole forces rather than simple ionic attractions. 


Water 

Water, Hydrogen Oxide, Hydrogen Hydroxide, HoO, is the most 
abundant ol all coiny^ounds, thougli the preparation of pure water 
is a matter of great difficulty. This arises from two causes: first, 
that water dissolves traces of impurity from most of the materials 
commonly employed for containing vessels; second, that water 
contains dissolved gases verv difficult to remove. The first diffi- 
culty can be overcome by the use of well-steamed-out vessels of 
hard glass, or, better, of block tin or platinum or fused silica; but 
the second is more serious. For conductivity work the purest 
water is required — the so-called * conductivity-water ' — and the 
presence of carbon dioxide or ammonia, which commonly occur in 
ordinary dLstilled water, is very undesirable, as solutions of these 
gases are conductors of electricity. A preliminary distillation 
from sodium hydrogen sulphate, to retain ammonia, followed bv 
a second distillation from alkaline permanganate, to oxidize organic 
impurities and retain carbon dioxide, gives fairly good water, but 
a more laborious process is needed to secure the best results: this 
usually consists of fractional condensation of steam or removal 
of dissolved gases from water in a current of pure air, or a combina- 
tion of both; see also p. 144. During these operations the water 
must be rigorously protected from the atmosphere. 

Water is a liquid wilh a faint blue colour that is apparent 
only when a considerable thickness is viewed. It has no taste or 
smell. The fieezing- and boiling-points of water under standard 
pressure are taken as the fixed points of the Centigrade thermo- 
metric scale, and are denoted by 0 ° and 100° respectively. The 
solid form, ice, has also a faint blue colour. Since the density of 
ice, 0*917 gni. per c.c. at 0°, is much lower than that ol water, the 
freezing-point of water is lowered by the application of pressure, 
but Bridgman and others have found that at great pressures 
several different forms of ice denser than water are produced. 
There is no doubt that water, no less than ice, must be considered 
as highly polymerized or macromolecular ; this problem has been 
discussed in connection with the a.ssociation of liquids (p. 102). 
The current explanation of the anomalous co-efficient of expansion 
of water is given on p. 103. The gaseous form of water, called 
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water- vapour or steam, is colourless. Its density at loo"" and 
atmospheric pressure is rather higher than corresponds with the 
simple formula HgO. If it be assumed that the polymerized 
molecules have the formula (H20)2, then m steam at 100° these 
amount to about g per cent of the total number of molecules. 
The dissociation of steam into oxygen and hydrogen on heating is 
extremely slight, and amounts only to 4 per cent at 2500'’: while 
at all temperatures up to 1000° or over it is imperceptible. 

Water in the pure state is a very poor conductor of electricitv. 
and is very weakly ionized. The ionic product fH ] fOH'J, deter- 
mined by the methods discussed in Chapter VI, p. 191, is only 
1*1X10“^^ at 25°, and if any further dissociation of the hydroxyl 
ion takes place (OH'^H +O") it is too feeble to be detected. The 
chemical importance of water is due to its abundance and its .solvent 
powers, which have made it the standard substance loi our defini- 
tions of acidity and alkalinity, definitions which have had a great 
influence on chemical theory. 

The oxidation of water produces oxygen (e.g. chlorine), or more 
rarely ozone (e.g. fluorine) or hydrogen peroxide (e.g. .steam in the 
hydrogen flame). The reduction of water yields hydrogen. If we 
exclucle the formation ol additive compounds, the remaining re- 
actions ol water can be classified as hvdrolv^es. Certain aspects of 
hydrolysis have been discussed in Chapter VI, p. 203. d'he nature ot 
the products depends chiefly on wlicther the water acts as a donor 01 
an acceptor (p. 34b), and the extent of the process depends on the 
tendency to ionization of the products and on their volatility. 
Thus, to compare a weak acid with a strong one, acetates are 
more subject to hydrolysis than chlorides, and to compare 
two strong acids, sulphates are less easily hydrolysed than 
chlorides. 

Additive compounds between water and other substances, Irom 
which the water can easily be recovered unchanged, as for instance 
by reducing the i)res.sure, are called hydrates, a name winch should 
not be applied to the totally dissimilar class of substances the 
hydroxides. H^^drates are often formed by co-ordination of the 
water-molecule, which may act either as donor or acceptor, with 
other atoms or ions. It is very probable that the tendency of 
water to combine with solute ions is an important cause of the high 
ionizing power ot water as a solvent. 

The very important catalytic properties of water are discussed 
elsewhere (p. 215). 

Natural Waters. — The most important natural waters are sea- 
water, rain-water, spring-water, and river-water. The total solid 
content of sea-water varies very much in different parts of the world. 
The Baltic Sea, which is fed by many rivers and where there is 
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little evaporation, contains some 0*5 per cent, the Atlantic about 
3 per cent or 4 per cent, and the Dead Sea (really a lake) up to 
25 per cent. The salts derived from ocean-water are largely 
sodium chloride, with smaller proj)orlions of inagJiesium, calcium, 
and potassium salts, and of sulphates. Rain-water is the purest 
of natural waters, and besides dissolved oxygen, nitrogen, and 
carbon dioxide may contain only nitric acid or ammonium nitrate 
in small traces produced by fixation of atmospheric nitrogen in 
thunderstorms. In the neighbouihood of the sea rain-water 
usually contains salt, and in industrial areas much dust and some 
sulpluiric acid from the combustion of coal. In s])ring-water, a 
large variety of substances may be found in different localities. 
Medicinal properties are often attributed to waters with a noticeable 
solute content. River- water is derived partly from rain and partly 
from springs, and is usually nearly pure unless contaminated by 
the discharge oi sewage or factory waste. 

For drinking-water the bacteriological analysis is at least as 
important as the salt content; but the pr(\sencc of ammonia, 
whether free or combined, is always regarded with suspicion, for 
this substance is one of the products of the decomposition of 
animal matter. 

Hardness of Water. — Spring-water usually contains in solution 
bicarbonates, chlorides, and suljihates of calcium and magnesium. 
These salts give the water ])ropertics, described as ' hardness,’ 
which are inconvenient if the water is to be used for certain purposes. 
Hard water, for example, leaves a re.sidue, or ‘ scale,’ when 
evaporated in boilers, and when treated with soap precipitates a 
' soap ’ of calcium or magnesium which is insoluble in water and 
therefore has no lathering pioperties. The hardness ol water is 
usually measured b}^ ob.serving the volume of a standard soap 
solution needed to produce a permanent lather in it. 

The bicarbonates are decomposed by boiling, which piecipitates the 

2HC03'-H,0+CX)., t +CO3" 

insoluble normal carbonates of calcium and magnesium, and leaves 
the water free from this cause of hardness, which is therefore 
de.scribed as ‘ temporary.’ The same change can be brought 
about by making the solution alkaline with lime: 

HCO^’-f 0 H'-C 0 „"+H, 0 . 

The ‘ permanent ' hardness, due to chlorides and sulphates, can 
be removed by the addition of sodium carbonate, which precipitates 
the carbonates of calcium and magnesium, or by the use of a 
permutite filter (p. 540). Sodium salts in small concentration do 
not seriously affect the lathering power of soap. 
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Oxygen 

O— iG-oooo [standard]. Atomic Number, S 

History.- - The principal facts of tlie history of oxygen were 
discussed in the Historical Introduction (pp. 27-38). 

Atomic Weight Standard. — The atomic number of oxygen is 8. 
Its atomic weight is taken to be exactly 16, and is used as the 
standard for the atomic weights of other elements. If the atomic 
weight of hydrogen, i*oo8o, were taken as exactly i, the atomic 
weight of oxygen would be 15-873. It has recently been dis- 
covered that oxygen contauis vrrv small ()iianlities ol isotopes of 
atomic w('ight 17 and tS. It will lx- notu'ed that if all tlu^ isotopes 
of oxygen had integral atomic weights on tlie basis ol H-.-i, the 
atomic weight of oxygen would be slightly more than 16, instead 
of slightly less: the deviation of the atomic w^eight of hydrogen 
from unity when O ih is to be explained, nut by tlie existence 
of isotopes of ox\gen, but bv the the«)rv of relativity (p. 327). 

Occurrence. - Oxygen is the most abundant of all the elements, 
and is said to com])ose, l)y weight, about one-half of the crust of 
the earth, including the sea and the atmosphere. Water contains 
8c) ])CT cent by weight of oxygen, and air 23 ])ei cent. Together 
with carbon, hydrogen, and nitrogen, oxygen is an essential con- 
stituent of living matter. 

Preparation. -Oxygen is prepared on a large scale by the frac- 
tional evaj>oration of liquid air, this process having taken the place 
of the old barium peroxide process. Immense quantities of oxygen 
are jiroduced during the electrolysis of aqueous solutions, whether 
for the manufacture of hydrogen or for other purposes, but this 
oxygen is usually discharged into the air, as it is unprofitable to 
collect it unless some use can be found for it near at hand — as, 
for example, in the oxidation of ammonia to nitric acid. Most of 
the oxygen of commerce is used in oxy-hydrogen, oxy-coal gas, or 
oxy-acetylenc blowpipes for cutting or welding metals, but small 
(juantities are used in medicine. 

In the laboratory oxygen is usually obtained from a cylinder of 
the compressed gas. Alternatively, it may be prepared by heating 
potassium cnlorate, when the first action is the formation of pota.s- 
sium perchlorate, followed by the decomposition of this substance. 

4KCIO3--3KCIO4 l-KCl. KClO^-KCl-f 2O2 1 . 

In the absence of a catalyst the action lakes place at a fairlv high 
temperature, and is then violent if not actually explosive; hence 
a catalyst is added, usually manganese dioxide. If this substance 
is used it is wise to make sure that it has not been adulterated with 



372 THEORETICAL AND INORGANIC CHEMISTRY 

charcoal, which causes dangerous explosions. Sodium chloride is 
sometimes added to the reaction mixture. The principal impurities 
in oxygen prepared by this method are nitrogen and argon, which 
must be driven from the apparatus before the collection of gas 
is begun, and chlorine, which can be absorbed in caustic alkali 
solution. Oxygen can be dried with any of the usual drying agents. 

Oxygen can also be obtained by heating potassium permanganate, 
mercuric oxide, and otlier substances, or by the decomposition of 
hydrogen peroxide or aqueous solutions of sodium peroxide. The 
purest gas is obtained by electrolysis of a solution of a chromate 
or a permanganate in dilute sulphuric acid. If dissolved gases 
have been removed from the acid solution by boiling it before 
adding the oxidizing agent, water is the only detectable impurity 
in the gas rising from the anod(\ 

Properties. — Oxygen is a colourless gas, without taste or smell, 
which at —183° can be contlensed to a pale blue liijuid, freezing 
at — 2iq'\ Liquid oxygen is attracted by a magnet. Solid oxygen 
exists in at least two crvstalline forms, the reason for the dimorphism 
remaining obscure. The vapour density of oxygen shows the mole- 
cule to be diatomic. The gas is only slightly soluble in water (less 
than 40 c.c. per litre of water at 12"'), but is considerably more 
soluble in alcohol. 

At ordinary temperatures oxygen reacts with the majority of 
substances cither slowly or not at all, but nearly all the elements 
will combine directly with oxygen if heated to a sufhciently high 
temperature in the gas. Gold, platinum, and the halogens cannot 
be made to combine directly with oxygen. Binary compounds of 
oxygen are called oxides, and oxides have been prepared of all the 
known elements with the exception of the inert gases. The oxides 
are compounds which may be solid, liquid, or gaseous, soluble in 
water or nearly insoluble, and in fact they display an extreme 
variety of properties. The most useful classification depends 
chiefly on the behaviour with acids and bases. 

(i) Acidic oxides react with bases to form salts with the element 
of the oxide in the anion, e.g. phosphoric oxide, sulphur 
dioxide, silica, 

(ii) Basic oxides react with acids to form salts with the element 
of the oxide in the cation, e.g. calcium oxide, ferrous oxide, 
lead monoxide. 

(hi) Amphoteric oxides show both acidic and basic properties. 
Since nearly all oxides are in some degree amphoteric, the 
term is usually restricted to those in which the acidic and 
basic properties are of comparable strength, e.g. aluminium 
oxide, antimony trioxide. 



HYDROGEN AND OXYGEN 373 

(iv) Peroxides contain the grouping — O — O — , and yield hydrogen 
peroxide with dilute acid. Examples are sodium peroxide 
and barium peroxide. 

The nature of the oxides formed by the elements varic's in a 
fairly regular way with the position of the elements in tlie periodic 
table. Those metallic elements lying on the left of the table (in 
the form on p. 303) form chiefly liasic oxides and peroxides, 
while the elements on the right are non-metals and form acidic 
oxides. Wlien an element forms more than one oxide, the acidity 
increases with the valency: manganese and chromium offer good 
examples of this phenomenon. In each group of the table the 
acidity of the highest oxides decreases witli increiising atomic 
number, and in passing from ltdt to right along a horizontal scries 
the acidity of tlie highest oxides increases, as has already been 
pointed out. 

The aflinity of the oxides for water is extremely variable. Some 
combine with it with avidity to form compounds called hydroxides, 
which contain the univalent hydroxyl group, OH. The Itirm 
‘hydroxide’ is, however, usually restricted to the hydroxides of 
the metals, which, if soluble in water, arc called alkalis. Water 
it.self remains outside any classification of the oxides based on 
alkalinity or acidity, since these terms arc deftned with respect to 
the constituent ions of water, but alternative definitions are possible 
and have on occasion been used (see, for example, p. 192). 

Mixtures of oxygen with hydrogen and other inflammable gases are 
explosive unless either constituent is ])iesent in very large excess. The 
combustion of hydrogen, acetylene, or coal-gas in oxygen produces 
an intensely hot flame used in the blowpipe. In this instrument 
the hydrogen and ox^/gen are led Irom separate cylinders into 
concentric tubes and meet at the nozzle. The combination of 
oxygen with hydrogen is one of the numerous gas reactions which 
at ordinary temperatures have a great affinity but a negligible 
velocity. At room temperature no trace of reaction can be ob- 
served, but an explosion takes ]flace if any part of the mixtnie is 
heated to 800"' — say with a match or by a spark — or exposed to 
a fragment of platinum black or any other suitable catrilyst. The 
perfectly ^Iry gases will combine if a power fill tiring sjiark is used. 

Oxidation and Reduction. — The addition of oxygen to a substance, 
the removal of hydrogen from it, or anv similar alteration of its 
electropositive or electronegative constituents, is called oxidaiiofi. 
The reverse process is called reduction. When one substance is 
oxidized another must be redui'ed, though in an electrolytic cell 
oxidation may take place at one electrode (the anode) and reduction 
at the other (the cathode). 
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Oxidation of an ion or molecule may also consist in the removal 
of electrons from it. Some examples of both types may be given. 

Transfer of Oxygen Atoms, — Ferric oxide oxidizes aluminium to 
aluminium oxide, and is itself reduced to iron : 

I'e20j+2A1=- 2Fe+Alj,03. 

Hypochlorites oxidize bromides to bromates: 

3CIO' + Br' - 3Cr + BrOf. 

Transfer of Hydrogen Atoms. — Hydrogen bromide is oxidized to 
bromine by chlorine, which is reduced to hydrogen chloride: 
2HBr+CL=Br2+2HCl. 

Transfer of Electrons. —Ferric salts oxidize iodides to iodine, and 
are reduced to ferrous salts: 

2Fe"'+2r-"-2hT‘“H-L. 

Electrolytic Oxidation. — Chlorides can be oxidized at an anode 
to chlorine, and sulphates to persuljihates. Com])ensatiiig reduc- 
tions must take place at the cathode: 

2CJ'-~2 electrons=Cl.,. 

2SO.," ~ 2 electrons=S2b8''. 

Oxidation in Acid Solutions. — In many oxidations in aqueous 
solution oxygen atoms are reduced to hydroxyl ions: 

O3+4 electrons— 2O''. 20"d"2H20= qOIl'. 

Such processes usually reejuire the presence of an acid. Thus 
solutions of iodides are oxidized by hydrogen peroxide in the 
presence of an acid, but not in neutral solution: 

H.A+2r+2H*--2H20+l2. 

Atomic Oxygen. — By passing o.xygen at low pressure (i mm.) 
through a silent electric discharge, many of tin* molecules are split 
up into single atoms; and although these quickly recombine to form 
the ordinary diatomic molecules, some of the properties of atomic 
oxygen have been studied. It will, for instance, decompose hydro- 
carbons, the reactions being accompanied by an intense blue chemi- 
luminescence; and will medt platinum owing to the great heat 
evolved when the atoms recombine — a reaction greatly catalysed on 
the surface of the metal. It will also oxidize bromine to BrOg, and 
hydrogen bromide to bromine and water. 

Ozone, O3 

History. — The peculiar smell caused by the passage of an electric 
discharge through air seems to have been first observed by van 
Marum in 1785. ScHONBEiN (1839-40) showed that the smell 
was due to a new gas, which he called ‘ ozone,' from the Greek 
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ofetv, to smell. The constitution of the gas, Og, was established 
by SoRET (t866). 

Preparation. — The formation of ozone from oxygen according 
to the equation 302^20^ is a strongly endothermic reaction, and 
the equilibrium yield is consequently promoted by high tempera- 
ture, as well as by increased pressure. At room temperature 
and atmospheric pressure the equilibrium yield of ozone is prac- 
tically nil, and even at 2000° it is only 1*5 ]X‘r cent. The formation 


of ozone by simj)ly heating oxygen 
can, however, be demonstrated by 
plunging a white-hot platinum wire 
into liquid oxygen. The oxygen in 
contact with the wire is quic'kly 
heated and as quickly cooled, and 
there is no time for the ozone pro- 
duced at the high temperature to 
decompose before it reaches a low 
temperature at which the rate of de- 
composition is very slow. 

A more practicable method for the 
preparation of ozone is the action 
of the silent electrical discharge on 
oxygen at room tern jiera lure. A 
simple form of apparatus for this 
juirpose is shown in the diagram 
(Brodie’s ozonizer). A double tube is 
immersed in dilute sulphuric acid, with 
which the inner tube is also filled, and 



the discharge from an induction coil toe. 102 Bkodie’s C^zonizek 
is passed across the annular space 

while oxygen is allowed to fiow^ through it. Other electrotytes will 
do as well. If air is used instead of oxygen some oxides of nitrogen 
may be formed at the same time, particularly if sparks are allowed 
to pass. In commeircial plants it is important that this should be 
avoided, and the discharge is usually passed between glass plates 
covered with wire gauze, while a slow current of air passes through 
the system. 

Ozone is also produced from air or oxygen under the influence of 
ultra-violet light, and is formed, together with oxygen, at the anode 
during the electrolysis of aqueous solutions with a high curient 
density. Anodes, such as those of smooth platinum, which have 
a high ox3^gen over-voltage, are the best. The action of fluorine 
on water produces oxygen mixed with a considerable proportion 
of ozone. 


Since ozone is unstable at ordinary temperatures it is essential, 


N 
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during its preparation, to keep the apparatus cool, to diminish as 
far as possible the rate of decomposition. Pure ozone free from 
oxygen is difficult to prepare, but a product containing 8o per cent 
or 90 per cent of ozone can be obtained by cooling in liquid air the 
gas issuing irom an efficient ozonizer. Since ozone is less volatile 
than oxygen, the residue which remains after most of the condensed 
gas has evaporated is very rich in ozone. A purer product can be 
obtained by liquefaction of ozonized oxygen, followed by fractional 
distillation of the liquid. The ozone so prepared melts at —250° 
and boils at —112°. It decomposes fairlv rapidly in the gaseous 
state even at low temperatures, but it has been found possible to 
measure its vapour density, which corresponds with the formula O^. 

Properties.— Ozone in the gaseous state has a very pale blue colour, 
and when condensed to a liquid is much darker in colour than 
liquid oxygen. Liquid ozone is dangerously explosive. Ozone has 
a very powerful smell not unlike that of chlorine, and is poisonous, 
but in very low concentrations it is perhaps beneficial, since it 
destroys bacteria present in the air. Indeed, slightly ozonized air 
is much used in ventilation, as for instance on the tube railways in 
London, where the smell of the gas is often noticeable. In the 
neighbourhood of electrical machinery, too, the smell of ozone can 
often be detected, but the odour sometimes attributed to ozone at 
various seaside resorts is mainly due to decaying seaweed. 

The composition of ozone remained undetermined by the earlier 
investigators, on account of the difficulty of preparing the pure 
gas; it was first established by Soret in i8()6. It could be shown 
without difficulty that ozone was an allotropic form of oxygen 
with a different molecular weight. Soret took two equal volumes 
of the same specimen of ozonized oxygen, and converted one to 
oxygen by heating it, noting the increase in volume after the 
sample had been restored to its original temperature and pressure. 
The ozone in the second sample was absorbed in cinnamon oil, 
in which it is very much more soluble than is oxygen, and the 
contraction was noted. From this second experiment the volume 
of the ozone present in the ozonized oxygen, under the given 
conditions of temperature and pressure, could be directly measured, 
and was found to be twice the expansion produced by conversion 
to oxygen. It follows that ozone increases in volume by one- ha If 
when converted to oxygen, so that ozone must have the formula 
the decomposition being represented: 20p->302. For the structure 
of ozone see p. 352 

Ozone is only very slightly soluble in water, which is chemically 
unaffected by it, but it dissolves freely in the essential oils such 
as oil of cinnamon or turpentine. The power which these solvents 
possess of dissolving the gas is connected with the presence of a 
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double bond in their molecular structure. Ozone combines with 
nearly all, perhaps with all, unsaturatcd carbon compounds, 
e.g. ethylene, to produce unstable additive compounds called 
ozonides, which are of some importance in organic chemistr3^ 
particularly in investigations of structure. For this reason ozone 
rapidly corrodes rubber, and also attacks cork, though more slowly. 
The spontaneous decomposition of ozone takes place slowly at 
ordinary temperatures and more rapidly on warming: it is also 
greatly accelerated by certain catalysts, such as carbon or cupric 
oxide. O 

/ 

/ \ 

CHo CH, 

\ 

0-0 

Ki itylenk Uzonide 

Ozone is a powerful oxidizing agent which under suitable con- 
ditions will convert all metals except gold and some of the platinum 
grouf) to their oxides; in these changes it usually behaves like a 
specially active form of oxvgen. Mercury exposed to ozone, even 
in small concentration, is superficially attacked and tends to slick 
to the glass vessel in which it is confined: this ' tailing ' is one of 
the tests for ozone. The oxidation of manganous solutiems by 
ozone may lead to a variety of products and is discussed elsewhere 
(p. 764). Iodides are oxidized to iodine even in neutral solution: 

zl'H OgTHsO-zOH'+L+O.,. 

Oxygen is set free at the same time, so that only one of the three 
oxygen atoms of the ozone molecule is effective in this reaction, 
but in acid solution hydrogen peroxide is also produced, while in 
alkaline solutions some at least of the ozone forms an iodate 
according to the equation T+Oa-HOa'. Ferrous solutions are 
oxidized to the ferric state, ferrocyanides to ferricyamdes, nitric 
oxide to higher oxides, hydrogen sulphide to sulphur, and sulphur 
in suitable conditions to sulphur dioxide, or, in the presence of 
moisture, to sulphuric acid. Halogen is set free from all the 
hydrogen halides except hydrogen fluoride, e.g.: 

zHKr-f-Og^ Br^-j- D2“1“H20, 

Methane is oxidized in the cold to carbon dioxide and water, but 
hydrogen and nitrogen are unaffected under ordinary conditions. 

Ozone can be detected by its oxidizing properties, but it is more 
difficult to distinguish it from other oxidizing agents, and parti- 
cularly from hydrogen peroxide. However, ozone is unique in 
giving a violet colour with test-papers soaked in solutions of an 
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organic compound usually called ‘ tctramcthyl base,' ^ and, unlike 
hydrogen i)eroxidc, it is unaffected by a solution of potassium 
permanganate. 

Ozone IS us(^d m artificial ventilation, in purifying water from 
organisms, and in bleaching. 

In the lower atmosphere, ozone sometimes occurs in traces 
(e.g. one part m 10,000.000). In the higher atmosphere, at a 
distance of some forty to fifty kilometres from the ground, it is 
present in large quantities, the amount varying with the latitude 
and with climatic conditions. 


HydrogI'N Pkroxidk, H., 0 . 

History. —Hydrogen peroxide was discovered by Then ard (iSk)), 
thougfi it was not prepared pure until 189.:}, by \\'olffkn stein. 

Prepaxation. — The formation of hydrogen petoxide from oxygen 
and water, 2HoOd 2H.2O.,, resembles the conversion ot oxygen 
to ozone in that it is an endothermic reaction which gives an 
appreciable equilibrium yield of the product only at very high 
temjieratures. Even at 2000'' the yield of hydrogen peroxide is 
minute, but traces are formed when steam is blown through a 
flame of liurning hydrogen, or when such a flame is directed on 
to ice. The thermal equilibrium can, however, be displaced by 
elect 1 ical methods {compare ozone). At the temperature of liquid air 
the brush discharge produces a good yield of hydrogen peroxule 
from oxygen mixed with eitlier so little or so much hydrogen that 
the mixture is not explosive, and at ordinary temperatures hydrogen 
peroxide sometimes appears at the anode during the electrolysis 
of acid solutions. 

None of these methods is put to practical use. On a commercial 
scale hydrogen peroxide is prepared from permoiiosiilphuric acid 
by adding sulphunc acid and distilling at low pressure: 

S0/+H..0--S0/'4TL02 t > 

or from barium peroxide and dilute sulphuric acid. In the 
laboratory hydrogen peroxide is best pre])aied by distilling at 
low pressure and a tcrnpiTature of 5o'’-()0° dilute sulphuric acid 
which has been ncarh^ neutralized by sodium peroxide: 

Na20.2+2H =,2Na +n A f • 

The mixing is carried out in a freezing-mixture, with constant 
stirring, and the solution can be concentrated before distillation 
by allowing the sodium sulphate decahydrate, Na2S04.ioH20, to 

^ Tc tramethyl — p — p ' — diammodiphenylmcthane 
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settle out, carrying with it a good deal of the water. Commercial 
sodium peroxide always contains a little chloride, and hydrogen 
chloride therefore finds its way into the distillate, from which it 
must be removed, if a very pure solution is required, by a further 
low-pressure distillation from silver carbonate. This method has 
superseded the former preparation of hydrogen peroxide* from 
barium peroxide and sulphuric acid. 

In another method, caiefulJy purified barium peroxide (p. *193) 
suspended in water is treated with phosphoric acid, when barium 
phosphate is precipitated and an aqueous solutiem of hydrogen 
peroxide is formed: 

3Ra02-f 2H3PO,-Ba3(POJ, j H 3HA- 

The phosphoric acid is recovered by the action of sulphuric acid 
upon the barium phosphate: 

Ba3(P04)2T 3H,S04 . 3BaSO, j +2H ..PO^, 

and the barium sulphate formed as a by-product is sold as a pigment 
(‘ blanc fixe ’). The solution of hydrogen peroxide obtained in 
this way is very pure and usually contains about 45 gm. of HgOg 
])er litre. 

The volatility of hydrogen peroxide is comparaVde with that of 
water, and hence solutions of the peroxide in water cannot lie 
concentrated by evaporation beyond a certain point, apart -from 
the losses caused by decomposition. By evaporation in vacuo 
hydrogen peroxide solutions can be concentrated to about 70 per 
cent, though not without the risk of explosion. A better method is 
to mix the solution with an inert hydrocarbon such as cymene and 
distil at low pressure, when nearly all the water collects with the 
cymene in the distillate: a process somewhat similar to steam 
distillation. Nearly pure peioxide can be prepared by freezing 
( oncentrated solutions and removing the water as ice. 

Properties. — Hydrogen peroxide is nearly colourless, but its 
pale blue colour is probably intenser than that of water, though 
not at all noticeable under ordinary conditions. At ordinary 
temperatures it is a viscous liquid with a density ot about i'44. 
This liquid freezes at — i"', and under 20 mm. pressure boils in the 
neighbourhood of 60°. The structure of hydrogen peroxide is 
probably HO.OH, the two hydrogen atoms being arranged in 
directions perpendicular to one another and to the axis joining the 
oxygen atoms. Hydrogen peroxide mixes with water in all pro- 
portions, and is also very soluble in certain organic liquids, e.g, 
alcohols and ethers. With such solvents and water it gives a 
nearly constant distribution ratio, indicating a similarity of mole- 
cular species in the two liquids. Cryoscopic measurements show 
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that in water the hydrogen peroxide molecule is single, and the 
same is true of the va])our (but see p. 104). A smaller degree ol 
association is probably the reason for the volatility of hydrogen 
peroxide as compared with water. The peroxide is also very 
soluble in such basic solvents as aniline or quinoline, with which it 
combines; the distribution ratio between quinoline and water 
actually favours the quinoline. 

Hydrogen peroxide is an exceedingly weak acid with a dissocia- 
tion-constant of about 2*5XI0~^2 at 25"" — this applies to the first 
dissociation, H^O^T-H’ + HOg', the second dissociation being im- 
perceptible. So weak an acid is it that solutions of the peroxides 
of the alkali-metals and alkaline earths, such as Na^jOg, which are 
best regarded as salts of hydrogen peroxide, are almost wholly 
hydrolysed, only a small proportion of the ion HOg' remaining 
unconverted to hydrogen j^eroxide, while there is nothing to show 
that the ion O2" is i)resent at all. Solutions of hydrogen p^eroxidc 
slowly decompose into water and ox3'’gen, and this decom])usitioii 
is greatly accelerated if the solution is made alkaline or is warmed. 
It was formerly supposed that this was a homogeneous reaction, 
but it has been shown that if extraordinary precautions are taken 
to free the system from dust and other impurities, concentrated 
solutions of hydrogen peroxide can be preserved unchanged in 
silica vessels for days even at 60". The decompositiim is in fact 
a heterogeneous reaction which lakes place on tlie surface of dust 
particles or of the containing vessel. It has long been known that 
the slow decomposition of ordinary hydrogen peroxifle solutions 
can be retarded, though nevei altogether arrested, by the addition 
of certain anticatalysts or inhibitors. Organic substances such as 
ether, glycerol, acetanilide, or barbituric acid are most commonly 
used, but most acids, including dilute sulphuric acid, aie quite 
elective. The action of these substances is due to their power of 
‘ poisoning ' the dust particles which cause the decomposition 
of the hydrogen peroxide, and the special efficacy of acids is easily 
understood when we remember that the most active particles must 
be those which readily adsorb the weak acid hydrogen peroxide 
and will therefore readily adsorb other acids as well. Since the 
complete removal of dust has not yet been found practicable on a 
commercial scale, nearly all commercial samples of hydrogen 
peroxide, including some of those sold as specially pure, contain 
a preservative, which must be removed by distilling off the per- 
oxide at low pressure if a pure solution is wanted. Hydrogen 
peroxide solutions should be kept in the dark in stoppered 
bottles. 

Many catalysts for the decomposition are known, among the 
best being manganese dioxide and platinum black or colloidal 
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platinum. Copper salts have a very pronounced catalytic effect 
upon the decomposition of hydrogen peroxide solutions. A solution 
containing 30 gm. H2O2 per litre and 10 parts per million of copper 
was found to lose 57*4 per cent of its peroxide after refluxing for 
I hour, and 96*3 per cent after 2 hours. Hydrogen peroxide 
solutions are also rapidly decomposed by neutral iodide solutions, 
from which, however, they liberate no measurable quantity of iodine 
(contrast ozone), the action being purely catalytic. The concen- 
tration of hydrogen peroxide solutions is sometimes roughly ex- 
pressed by the volume of oxygen which can be obtained by their 
decomposition into oxygen and water; thus the ' 20- volume ' 
solution, a form in which the peroxide is often sold, evolves twenty 
times its own volume of available oxygen. A convenient source of 
h^^drogen peroxide is the crystalline compound C0(NH2)2.H202, 
which it forms with the weak base urea. 

Hydrogen peroxide is a powerful oxidizing agent used for bleach- 
ing delicate fabrics and as a disinfectant. Its advantages for these 
purposes lie in the perfectly harmless character of the products of 
decomposition, oxygen, and water. Concentrated solutions will, 
however, blister the skin. 

Hydrogen peroxide may be regarded as a compound formed by 
the oxidation ot water: H2O+O- H202> or by the reduction of 
oxygen: O2+2H — HgOg. It can act as an oxidizing agent or as 
a reducing agent, producing water and oxygen respectively. The 
equations arc HgO^— HgO-l O and H202=02 f +2H, but they 
may be written ionically: H2O2+2H' =211.20— 2 electrons, and 
H.20.2+20H'=2H20-f O2 1 -1-2 electrons. An oxidizing agent, 
from the ionic standpoint, is a substance that absorbs electrons, 
a reducing agent one that supplies them. From the ionic equations 
we should expect the oxidizing powers of hydrogen peroxide to be 
promoted by acidity, and this can be \^erified by experiment. In 
alkaline solution ferricyanides are reduced to ferrocyanides, while 
in acid solution the reverse change takes place: 

2Fe(CN)8"^ -4 H202H-20H'=2Fe{CN)6"''+2H.20-f02 1 

2 Fe(CN)fl'"M HgO.-f 2H' =2Fe(CN)„''' +2H2O. 

Silver oxide is reduced to silver: 

Ago04-H202=2Ag+H20-f02 f • 

The powerful oxidizing agent potassium permanganate oxidizes 
hydrogen peroxide even in acid solution: 

2MnO/-f 6H'-f 5H202=2Mn -f 5O2 1 +8H2O. 

This reaction is used in the estimation of hydrogen peroxide by 
volumetric analysis In the presence of organic preservatives 
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which might reduce the permanganate, the oxidation of an acid 
iodide solution is more suilaV^lc: 

HgOu-F 2r-f 2H‘~l2+2H20. 

The reaction takes place rather slowly, and hydrogen peroxide is 
catalytically decomposed by iodide ions, so it is best to catalyse 
the oxidation of the iodide with a little ammonium molybdate. 
The iodine set free is titrated with thiosulpliate. 

Hydrogen peroxide produces peroxy-compounds with the oxy- 
salts of the elements of the A subgroups of Groups IV and VI. Thus 
with chromates a blue solution of an oxid(^ CrO^, which can be 
extracted with ether, ^ is obtained, and with titanic salts an orange 
solution. These reactions can be us('d as tests for all the substances 
concerned. With other salts, such as sodium pliosphate, hydrogen 
jXToxide combines to form compounds that appear to contain 
hydrogen peroxide of crystallization, since the peroxide can be 
wholly removed by shaking with ether. From alkaline solutions 
of the salts of the alkaline-earth metals, hydiogcn peroxide precipi- 
tates ]xroxides such as CaOa.BHaO. 

it hydrogen pei oxide is added to an alkaline solution ot pyro- 
gallol and lormaldehyde (H.CHO) it is reduced to gaseous hydrogen, 
the formaldehyde being oxidized to formic acid: 

2H.CH0-fHA=2H.C001I i Hat. 

This reaction is of interest since during its progress light is emitted 
(chemiluniinesce7ice), as may be seen if the expeiiment is carried out 
in a darkened room. 

^ And pours a deeper blue to Aether's bound 

Wordsworth, An Evening Walk . 



CHAPTER XIII 


NITROGEN 

N--" 14*008. Atomic Number, 7 

General. — Nitrogen is the lightest member of Group V, and its 
atom has five valency electrons. In its binary compounds its 
valency is, however, unlike that of phosphorus, contined to tliree, in 
accordi'incc with the covalency maximum rule, which rigidly limits 
the covalency of elements in the first short period to four. Conse- 
quently the tervalent compounds of nitrogen contain a lone pair of 
electrons, which gives them the donor properties so c(ms})icuous in 
ammonia, the most important compound of this type. When this 
lone pair of electrons is satisfied by co-ordination with an accep)tor, 
nitrogen has reached its permissible maximum covalency of four. 
To this circumstance are due not only the stTies of ammonium salts, 
but also the often very stable additive compounds which ammonia 
forms with so many salts. In this respect ammonia resembles 
water, and a com])arison has often been drawn between ammonium 
salts and acids dissociated in water: 

H 20 +HX->H.H 20 ‘ +X'. 

H3N+HX^H.ll3N+X'. 

Nitrogen differs from the later members of the group by its 
abundance, its occurrence in the atmosphere, its much greater 
volatility, the great stability of its diatomic molecule, the relative 
unimportance of its only known aUotrope, and its chemical inert- 
ness. Its hydride is far more basic than other Group V hydrides. 
It occupies a position near the centre of the first short period, and 
like the neighbouring element carbon forms very stable compounds 
with both oxygen and hydrogen. It also resembles its neighbours 
carbon and oxygen in its curious reluctance to combine directly with 
the halogens. 

The atom of nitrogen was decomposed by Rutherford in 1919 
by the method of a-ray bombardment. 

The Circulation of Nitrogen in Nature. — Together with carbon, 
hydrogen, and oxygen, nitrogen is an essential constituent of 
living matter. Since this is subject to death and decay, and is 
also constantly changing through assimilation and excretion, part 
of the world’s nitrogen is in continual change, but this is only a 
small part of the total nitrogen present in the world. The principal 
*N 383 
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possibilities are shown in the diagram, which represents a scheme 
sometimes referred to as the * nitrogen cycle/ Only exceptional 
plants are able to derive their nitrogen direct from the air — a 
transformation which they accomplish with tlic help of ' symbiotic ' 
bacteria attached to their roots — and most can assimilate it only 
when it is presented in the form of a comj)ound soluble in water, 



usually a nitrate or an ammonium salt. The nitrogen returned 
to the soil by the death and decay of animals and plants, or by the 
excretion of the former, is liberated partly as atmospheric nitrogen, 
the greater part of the residue appearing as ammonia, which by th(' 
action of bacteria present in soil is oxidized to a nitrate. Since 
cultivation soon exhausts the natural nitrates present in soil, 
thes(' must be supplemented by fertilizers or manure. The prin- 
cipal nitrogenous fertilizers are dung, the nitrate deposits of South 
America, and synthetic ammonium compounds or nitrates made 
from atmospheric nitrogen. 


Air 

The proportions of oxygen and nitrogen will differ according 
as they are stated by weight or by volume, and are m any event 
not absolutely constant in different parts of the earth or even at 
different times. As will be shown in the next chapter, air contains 
not only these two gases but also five others — the inert gases of the 
atmosphere— in addition to a little carbon dioxide and various 
impurities in the neighbourhood of towns, houses, or animal or 
vegetable matter. Air also contains water- vapour and dust, a 
name which may be taken to include all floating solid impuntics. 
Repres<^ntative values for the proportions by volume of the gases 
l^resent m pure dry air are: nitrogen 78-0 per cent, oxygen 21 -o per 
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cent, inert gases o-g per cent, carbon dioxide 0*03-0*04 per cent. 
If the calculation is made by weight, the proportions of nitrogen 
and oxygen come to about 75*5 per cent and 23*2 per cent. At 
considerable heights above the surface of tlie (‘arlh, tlie proportion 
of the heavier constituent, oxygen, decreases, and that of the 
lighter constituent, nitrogen, increases; and at great heights — a 
hundred kilometres or more— there may be larger proportions of 
the light rare gas helium. Near the surface of the earth the })ro- 
portion of helium is exceedingly small. 


Nitkogkn 

Preparation. — Nitrogen may be isolated from the air by removing 
carbon dioxide and oxygen from it by combination with suitable 
reagents, but the product is contaminated with the inert gases of 
the atmosjihcre. Since tht'se gases have no chemical yMojicrties 
their presenc e is for many jiurposes no disadvantage. Hot copper 



is commonly used for removing the oxygen, with which it forms 
cuyiric oxide’ a suitabk* apparatus is shown in the diagram. The 
ap})aratus must be run for some time before any gas is collected, 
and the jiroduct, if collected ov^t water, will inevitably contain a 
small proportion of oxygen, since oxygen is slightly soluble in water. 

Nitrogen is generally obtained in the laboratory by heating 
(in solution) ammonium nitrite, for which a mixture of sodium 
nitrite and an ammonium salt may be substituted: 

NH4NO2- N.f 

The gas usually contains a little nitric oxide as impurity, which car. 
be oxidized to nitric acid, and retained, by an acid dichromate 
solution. Nitiogen can be dried by any of the usual agents. For 
the preparation of the pure gas, the interaction of hot nitric oxide 
and ammonia on a copper catalyst has been recommended: 

6NO+4NH3-5N2 f 6H2O. 



3H(> theoretical and inorganic chemistry 

Excess (A ainmonia is removed by concentrated sulphuric acid. 
Nitropen, containing only traces of oxygen, can also be obtained 
from a C3dinder of the compressed gas, made by the liquid air 
process. 

The two most important sources of industrial nitrogem are liquid 
air and ])roduccr-gas (p. 5()q). Since the boiling-point of nitrogen 
is — while that of oxygen is - itS3^, nitn)gen can be separated 
from ox’S’gen without dilhcultv by the fraitional evaporation of 
li(]in(l air. 'fhis ])rocess has the advant.ige of yielding a nearly 
pure gas and is used lor some commercial jairposes, but the pro- 
ducer-gas process is rather (dieaper. vSince producer-gas consists 
chielly of nitrogen and cavlH)n monoxide, the problem is to n*movi‘ 
the latter. 'I'his is done b\ adding steam to the mixture and 
])assing it f>ver a lu'atcd catalyst, as described in the account of 
the HA]n:i<-B()sriT process (p. qSd). Nitrogen has also lieen obtained 
fiorn air by burning hydrogem in it and removing the oxygen as 
water (p. 3qi). 

Properties. — Nitrogen is a colourless gas without taste or sinc'll; 
lupiid nitrogen, wdiich is also colourless, freiv.es at —210 and boils 
at — 1()5^ Nitrogen is only slightly solublt* in water: less soluble 
than is oxygen, l)ut as the jiartial pressun* of nitrogen in the air is 
nearly four tniK's that of oxygen, water saturated witli air contains 
lu^arly twice as much nitrogen as oxygen: at 15' a litre contains 
about 14 c.c. nitrogen and 7 c.c. ox\'gen. The solubility of nitrogtai 
in organic liquids is also very slight. The gas is a little lighter 
than air. 

At ordinary temperatures nitrogen is a very inert substance. 
At very high temperatures, at which some dissociation into atoms 
takes plac(', it is more active, and the inertness of nitrogen in the 
cold may be attiibuted, m part at least, to the stability ot its 
diatomic molecule. The combination with hydrogen or oxygen on 
heating will be fully discussed shortly (p. 400). Ordinary nitrogen 
will not combine directly at any tempiTature with sulphur or the 
halogens, but many metals, strongly heated in nitrogen, form nitrides. 

Active Nitrogen . — In jqio it was observed by Si kutt that nitrogen 
at low pressure which had been exposed to a jar-discharge in a 
vacuum tube to excite the well-known afterglow^ ])ossessed chemical 
projKTties W'hich shar])ly distinguished it from thi! ordinary gas. 
In the case of air and other mixed gases the continuation of the 
glow after the discharge had been stopped was supposed to be due 
to the chemical interaction ol substances such as nitric oxide 
and ozone produced by the discharge, but Strutt’s ol>ser\^ations 
recalled the behaviour of ozonized oxygen in that the gas leaving 
the tube had definite chemical properties which persisted until in 
some minutes it had reverted to the ordinary form. 
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Subsequent work showed that the presence of traces of oxygen 
had a pronounced effect on the production of active nitrogen. 
While not absolutely necessary to its fonnation a small quantity 
of oxygen acts as a promoter, but larger concentrations are harmful 
and 2 per cent is enough to prevent it. A similar effect has b(ien 
observed with other substances. 

Owing to its short life few of the physical properties of active 
nitrogen can be measured, but it is interesting to note that the 
spectrum of the glow certainly arises fn)m molecular nitrogen. The 
clu'inical properties can, however, easily be observed by slowly 
pumping the gas from the discharge tube where it is generated into 
an adjacent vessel where it can be exposed to the action of various 
substances. With sulphur, arsenic, the alkali-metals, zinc, mercury, 
cadmium, magnesium, and lead direct combination takes place, 
sometimes with incandescence or flame. Iodine reacts with a 
blue flame. The carbon compounds mostly yield cyanogen, but 
methane and hexane give hydrogen cyanide. Yellow phosphorus 
is converted to red, oxygen and ammonia destroy the glow without 
reaction. With nitric oxide an unexpected reaction takes place: 

Active N I-2NO NO.,-hN2. 

Selenium, carbon, hydrogen, antimony, and ozone are unaffected, 
but if various salts are exposed to the active nitrogen they begin 
to phosphoresce. 

The irature of active nitrogen is still in doubt. Strutt's original 
hypothesis was that the gas was simply atomic nitrogen, but the 
energy available seems insufficient to dissociate the nitrogen mole- 
cule. If the molecule of the gas were triatomic, as in ozone, it 
should be j)ossible to condense it to a liquid, but this has never 
been accomplished. A likelier view, on the evidence as a whole, 
is that active nitrogen contains both free atoms and activated 
molecules. 

Nitk()(;kn Hydkides. — The hydrides of nitrogen arc ammonia, 
Nlig, hydrazine, N.dl4, and hydrazoic acid, HNg. Since the first 
two are basic compounds and the last an acid, other derivatives 
also exh^t, such as ammonium azide, NH4N3; but of all tliese com- 
pounds by far the most important is ammonia. 

Ammonia, NHg, is one of the products of decay of animal matter 
(j). 384), and its odour can frequently be detected in stables 
and elsewhere. In the laboratory it is usually pre])ared by the 
action of a base on an ammonium salt: quicklime and ammonium 
sulphate are commonly used, with or without the addition of a 
little water : 


CaO + lNHJgSO^-CaSO^-f 2NH3t d-HgO. 
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Since the gas reacts with calcium chloride, sulphuric acid, or phos- 
phorus pentoxide, some other drying agent must be used, such as 
quicklime or solid caustic potash. 

The preparation of ammonia from atmospheric nitrogen is a 
great chemical and engineering problem which has been success- 
fully solved only in the last forty or fifty years. The reaction is 
N24“3H2^2NH3, and it has already been shown (p. 123) that the 
synthesis requires a high pressure. The union of nitrogen and 
hydrogen is an exothermic reaction, so the yield of ammonia at 
equilibrium is improved by reducing the temp)crature, but as a 
satisfactory reaction velocity can be obtained only at fairly high 
temperatures, the reaction is carried out at 500° with a catalyst. 
There are two main processes worked on a commercial scale: the 
Haber-Boscii and the Claude, the principal difference lying in 
the pressure employed. 

The Haber-Bosch Process . — This was worked at a large factory at 
Oppau, near Ludwigshafen-am-Rhein, in Germany, where about 
150,000 tons per annum of synthetic nitrogen were produced, while 
the newer Lunawerke, in Germany, had a capacity of 500,000 tons 
per annum. Just before the war of 1939-45 the German production 
of synthetic nitrogen compounds was about hall the world’s con- 
sumption of nitrogen compounds, including nitrates. A large plant 
operates the process at Billingham-on-Tees, in England. A short 
description will be given here of the process worked at Op])au; it 
can be followed out with the help of the simplified flow-sheet 
opp()sitc. 

The great feature of the jirocess is that nothing is wasted. Besides 
air and water the raw rnat<irials are coke, from the Ruhr coke-ovens, 
brown coal or lignite, and anhydrite (calcium sulphate) from the 
Neckar Valley. The products are aqueous ammonia, ammonium 
sulphate, nitric acid, calcium nitrate, methyl alcohol, CH3.OH, 
and urea, CON2H4. 

The nitrogen and hydrogen are prepared by removing carbon 
monoxide from producer-gas and water-gas respectively. This is 
done by adding steam and passing the gas mixture over a catalyst, 
wflien most of the carbon monoxide is oxidized to the dioxide: 


CO+HaO^CO^+H^. 

After this operation the carbon dioxide, which comprises some 30 
per cent by volume of the gas mixture, is dissolved at 30 atmospheres 
in water. Only i per cent of carbon monoxide remains, and this 
is removed by passage through an ammoniacal solution of cuprous 
chloride. The gas mixture now consists of nitrogen and hydrogen 
in nearly the right proportions, though it is sometimes necessary 
to add a little extra nitrogen from a Linde liquid air plant. Other 




Fig 105 Haber-Bosch Process for Synthetic \mmonia -Oppau Plant): Simplified Flow-sheet 















390 THEORETICAL AND INORGANIC CHEMISTRY 

large-scale processes for hydrogen production used in ammonia 
synthesis are described on p. 359. The nitrogen-hydrogen mixture 
after compression to 200 atmospheres passes into the ammonia 
converters. These are steel towers 40 feet high and about 3 feet 
in diameter, containing the catalyst, which is ferric oxide of definite 
granular structure with small quantities of certain promoters. 
The temperature of 500° is easily maintained by the heat liberated 
in the reaction. Only 10 per cent or less of the gas is converted 
to ammonia at each operation, but the mixture is re-circulatecl and 
the ammonia removed by passing it at the same pressure of 200 
atmospheres through water. Some of the ammoniacal solution 
obtained is sold direct, but the rest of tlie ammonia, winch can be 
obtained from the solution by releasing the pressure and then 
boiling, is used for three purposes: (i) oxidation to nitric acid; 
(2) manufacture of ammonium sulphate; (3) manufacture of urea. 

1. Oxidation of Ammonia to Nitric Acid . — The ammonia is mixed 
with air or oxygen and passed through towers containing the 
catalyst, a preparation of ferric oxide, though in other works 
grids of platinum wire in aluminium tubes are used. With ferric 
oxide the efficiency is only 70-75 per cent as compared with 95-98 
per cent with platinum, but the platinum is expensive and is very 
easily poisoned. Nitric oxide is formed first, and this is oxidized 
by more air to nitrogen peroxide, which is absorbed in water which 
trickles over clay rings. The equations are: 

4NH3d 50 ,- 4 NC)+ 6 HP 2NO-fO,=2NO, 
and 4N02+2H30-|-02=4HN03. 

The nitric acid produced is partly sold as such and partly used to 
make calcium nitrate with the calcium carbonate obtained as a 
by-product in the mamifacturc of ammonium sulphate. Smaller 
quantities are used in the manufacture of ammonium nitrate and 
of mixed nitrate and phosphate fertilizers. 

2. Ammonium sulphate . — In order to prepare this substance, 
so much used as a fertilizer, carbon dioxide, obtained as already 
described, is passed into a well-stirred suspension of finely-ground 
anhydrite in water saturated with ammonia. The action is: 

2NH3-f2H20-|-CaS04.1. -fC02=(NH4).2S04+CaC03| -hH.p, 

and as calcium carbonate is much less soluble than the sulphate 
it goes nearly to completion. The solution is filtered, and the 
ammonium sulphate obtained by evaporation and dried in a 
centrifugal machine. 

3. Urea . — This substance, which has the formula CO(NH2)2, 
contains 47 per cent of combined nitrogen, and is an excellent 
fertilizer. Ammonia and carbon dioxide are mixed and compressed 
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to 200 atmospheres, when they are converted to liquids and react 
with the formation of ammonium carbamate: 

C02+2NH3=NH2.C00NH,. 

Much heat is evolved, and the carbamate decomposes into urea 
and water, which, still under pressure, are squirted through a 
nozzle into a large chamber full of dry air. The urea then falls 
to the floor as a dry powder, and is removed on conveyors. 

NHa-COONH^^ CONoH^+H^O. 

Methyl Alcohol . — We may now return to an earlier stage of the 
process. The carbon monoxide removed from the gas stream by 
ammoniacal cuprous chloride is recovered from this solution and 
used together with some of the w'ater-gas for the manufacture of 
methyl alcohol. The mixture is compressed and allowed to react 
on the surface of a catalyst composed of a mixture of zinc oxide 
and cliromium sesquioxide: 

C0+2n2--CH3.0H. 

By using as catalyst ferric oxide wdth a small admixture of alkali, 
by reducing the speed of the gas stream over the catalyst, and by 
raising the temperature, it is possible to obtain many other com- 
pounds in fair yield; among them isobutyl alcohol, aldehydes, 
and ketones. The power required throughout the plant is generated 
from producer-gas, obtained by burning the brown coal to carbon 
monoxide in an air stream. When the temperature is sufficiently 
high, steam is substituted for air and water-gas generated instead 
of p)roducer-gas. 

The Claude Process . — This process is worked at numerous factories 
in France and Belgium. The cost of the hydrogen used in the 
Haber- Bosch process accounts for about 75 per cent of the cost 



Fig ioO. Claude Pkocess for Synthetic Ammonia. Simplified 

F LOW-SHEET 


of the ammonia produced: in the Claude process the hydrogen is 
made by the electrolysis of water. Some of this hydrogen is burned 
in air, leaving nitrogen to be used in the ammonia synthesis and 
synthetic water suitable for the electrolytic cells. The rest of the 
plant, which works at 750 atmospheres, will be understood from the 
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diagram. To withstand the enormous pressures the converters are 
made of special steel, and the catalyst is mounted on a gun breech- 
block device to allow easy withdrawal for replacement. Many 
variations of the process are possible; in some the nitrogen is 
obtained from producer-gas, in others from liquid air. 

Several other processes for the manufacture of ammonia from 
atmospheric nitrogen have at one time been worked, but they are 
unlikely to make headway against the direct synthetic processes. 
The Sehpek process for the hydrolysis of aluminium nitride (p. 535) 
has been abandoned, and the cyanumide process (p. 567) is doing 
no more than hold its own. 

Properties , — Ammonia is a colourless gas. At —33° it can be 
condensed to a liquid freezing at —78°; it is used in refrigerators. 
It has a strong unmistakable odour and attacks the eyes, and it 
has a pungent laste. It is considerably lighter than air. 

Ammonia is exceedingly soluble in water, and liberates much 
heat when it di.ssolves. At 15® and standard pressure 100 gm. of 
water will take up about 60 grn. of ammonia. In common with 
other gases with a pronounced affinity for w'ater, ammonia does not 
obey Henry’s law except in very dilute aqueous solution, that is, 
the pressure of the gas above the solution is not proportional to its 
concentration within it. Henry's law, as already ex})laincd, is an 
application of the distribution law to gas-liquid systems, and the 
reason it is not obeyed by ammonia in water is possibly that the 
molecular species in the two phases is not entirely the same, and 
some of the ammonia in solution has combined with hydrogen ions 
to form ammonium ions. Alternatively the high solubility may be 
due to hydrogen-bonding between N and O and O and O (and 
possibly N and N). 

All the ammonia can be expelled from its aqueous solutions by 
boiling, and at very low temperatures, about —77°, h3'drates 
2NH3.HaO and NIIg-H-^O have been obtained. Ammonia is freely 
soluble in most organic liquids. 

Ammonia will not burn in the air (unless heated), but in oxygen 
it burns with a feeble yellow flame, forming (in the absence of a 
catalyst) nitrogen and water: 

4NH3-f30,=2N2-f6H,0. 

Under carefully controlled conditions and in the presence of a 
catalyst, preferably platinum, nearly all the ammonia can be con- 
verted, either by air or oxygen, to nitric oxide, a process used, as 
already described (p. 390), in the commercial synthesis of nitric 
acid. Most oxidizing agents, if sufficiently powerful, convert 
ammonia to nitrogen and water, but some produce oxides of 
nitrogen or nitric acid. The reaction between ammonia and 
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chlorine depends on the conditions. In the gas phase nitrogen is 
liberated and the chlorine forms first hydrogen chloride, which 
then reacts with more ammonia to form ammonium chloride: 

3Cl2+8NH3=6NH4Cl+N,. 

The reaction is accompanied by flashes of light or flame Under 
other conditions the dangerously explosive compound nitrogen 
trichloride may be formed. Ammonia is detected in aqueous 
solution by the brown precipitate, or in very dilute solutions the 
colour, that it produces with Nessler's solution (p. 515). It 
is a powerful donor substance, and, like water, forms addition- 
compounds with a large number of metallic salts. These com- 
pounds, of which many arc described elsewhere, are often of great 
stability, and the very stable ammonium ion, NH4‘, is a com- 
bination of the ammonia molecule as donor with the hydrogen ion 
as acceptor. 

Liquid Ammonia as a Solvent , — At atmospheric pressure ammonia 
can be condensed to a liquid at —33°, and it has long been known 
that the liquid is an excellent solvent for many metallic salts. 
Reactions in this medium have been intensively studied by Gore 
in England and by P'ranklin and his collaborators in America, 
and there is an ammonia - chemistry that resembles in many 
interesting points the watcr-chemistry with which we are familiar. 
Our views of the nature of reaction have been so much coloured by 
the predominance of acpieous solutions that the opportunity to 
investigate a different system is a valuable one; the more so as 
liquid ammonia is the only solvent other than water whose effect 
on metallic salts dissolved in it has been thoroughly studied — for 
the sufficient reason that it is the only rum-aciueous solvent in 
which many of them are appreciably soluble. 

The dielectric constant of the liquid is about 22. If rigorous 
precautions are taken to exclude water — and this is always important 
in studying non-a(|ueous solvents — lK]uid ammonia is a very poor 
conductor of electricitv. The few ions present are presumably 
NH4’ and NH2', formed by dissociation of the ammonia molecule 
into H' and NH2' and combination of the hydrogen ion with a 
neutral molecule to form an ammonium ion. This may be com- 
pared with the dissociation of water into H’ and OH', and there is 
reason to suppose that in water also the hydrogen ion is usually 
attached to at least one water molecule. The similarity between 
water and ammonia has indeed often attracted attention; among 
the most conspicuous points are the high specific heat of ammonia 
(higher than that of water), its high critical temperature and pres- 
sure, its association, and its power of forming molecular compounds 
with salts analogous to the hydrates. Still more important 
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are its solvent action on metallic salts and its power of dissociating 
them into ions. 

Most salts actually conduct the current better when dissolved 
in ammonia than when dissolved in water, but this is due not to 
the higher ionizing power of this solvent (which is roughly one-third 
that of water) but to its lower viscosity, which greatly increases 
the mobility of the ions. 

Salts soluble in water are not always soluble in ammonia, and 
vice versa. Halides (except fluorides) are often soluble and car- 
bonates, sulphates, and phosphates sparingly soluble, but metallic 
oxides and hydroxides do not dissolve at all, except the hydroxides 
of the alkalis and alkaline earths, and they but sliglitly. The 
course of reactions therefore often differs in water and in ammonia. 
In ammonia, for example, calcium chloride can be precipitated by 
mixing a chloride solution with a calcium solution: 

2NaCl |-Ca(N03)2^ 2NaN03 l-CaClg j or 201'^ Ga’ -vCaCl.^ | . 

The most instructive classification of solutes is into acids, bases, 
and salts. Since the dissociation of liquid ammonia is 

2NH3^Nll4 -j-Nlh/, 

as compared with 

2 H 20 ^H 30 +oir. 

jfn arnmono-acid may be defined as a substance which 
ammonium ions in liquid ammonia solution, and an ammono-base 
as one which yields amide ions (NHg'). Since the dissociation of 
pure liquid ammonia, like that of water, is very slight, it follows 
that ammono-acids and ammono-bases cannot exist together in 
solution ; the product of their interaction is called an ammono-salt. 
The equation shows how acetamide, an ammono-acid, neutralizes 
sodamide, an ammono-base, to produce sodium acetamide, an 
ammono-salt, and ammonia: 

CH3.CO.NH.H f Na.NH., - CH3.CO.NH.Na -f NH3 
ammono-acid ammono-base ammono-salt ammonia 

or H’(d NH3)+NH2'->2NH,. 

The difference between an ammono-acid and an ammono-base 
is that the former ionizes RNHg^RNH'-f H‘, followed by 
H*-f-NH3-^NH4*, and the latter ionizes RNHa^R'd NH^', just as 
hydroxylic aquo-acids and aquo-bases correspond with the dis- 
sociations ROH-^RO'+H* and ROH^R +OH'. All soluble 
ammonium salts are ammono-acids, since they all yield ammonium 
ions. Many aquo-oxy acids have their ammono-analogiies, thus 
sulphuric, nitric, and carbonic acids, S02(0H)2, NO2.OH, and 
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C0(0H)2, may be compared with the ammono-acids sulphamide» 
nitramide, and carbamide, S02(NH2)2, NO2.NH2, and CO(NH2)2- 

Ammono-acids will dissolve metals, liberating hydrogen: 

2Na + 2NH;- 2Na>2NH3+H2 \ ; 

01 metallic oxides, yielding a salt, water, and ammonia: 

NaoO h2NH4 =2Na -h2NH3-f H 2 O. 

Ammono-bases such as sodamide usually precipitate either a 
nitride or an amide Irom ammono-salt solutions, just as caustic 
alkali precipitates oxides or hydroxides from aqueous solutions. 
Thus with a solution of a bismuth salt • 

Bi* -h3NH,' ->BiN ; -h2NH3, 
and with a silver salt: 

Ag -hNHZ-^AgNH, j 

It IS considerably more difficult to liberate hydrogen from liquid 
ammonia than from water, and solutions of the alkali-metals in 
liquid ammonia can be porcjxired, though they are not very stable, 
and decompose after a day or two. The solutions are deep blue 
in colour and are good conductors of electricity. The cation is 
the ordinary metal ion, .such as Na‘ or Li', possibly associated with 
ammonia molecules, but the nature of the anion is not immediately 
obvious The interesting suggestion has been made that the 
anion is a free electron, probably solvated, and there is no inherent 
impossibility in the idea. 

The Ammonium Salts. — Ammonia combines with acids, either 
in the vapour state or in solution, to form ammonium salts, which 
contain the ion NH4 . In these reactions the ammonia acts as 
flonor and the hydrogen ion as acceptor. Though nominally a 
complex, the ammonium ion does not dissociate into ammonia 
and hydrogen ion to any great extent. But in the vapour state 
ammonium salts, which are all volatile, are considerably dissociated 
into ammonia and acid, the degree of dissociation depending on 
the temperature, the pressure, and particularly on the volatility of 
the acid. Thus ammonium carbonate is one of the most volatile 
and ammonium sulphate one of the least volatile of the common 
ammonium salts. Similar considerations apply in solution. Am- 
monium salts with strong acids are slightly hydrolysed and have a 
faintly acid reaction (owing to the dissociation NH4‘->NH3-|-H‘) ; 
so that all ammonium solutions, except those containing excess of 
acid, liberate some ammonia on boiling. If the acid is weak and 
volatile (e.g. carbonic acid) the salt may be completely decomyiosed 
by boiling in water. 

The salts of ammonium are often compared with those ol the 
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alkali-metals, since they are colourless (unless the anion is coloured), 
univalent, and nearly all soluble in water, while they have very 
little tendency to further complex-formation. Like the salts of 
potassium, with which they are often isomorphous, ammonium 
salts usually crystallizt' anhydrous. The ammonium ion is un- 
affected by reducing agents, but the stronger oxidizing agents 
convert it to nitrogen, water, and hydrogen ion, and solutions of 
ammonium salts of oxidizing anions may liberate nitrogen on 
boiling, e.g. the nitrite or chlorate. In the solid state such com- 
pounds are usually explosive. 

Among the commoner ammonium salts are the following. Several 
others are mentioni'd elsewhere in connection with the acids. 

Halides. — Fhe ammonium halides an^ volatile colourless solids 
whose volatility decreases with increasing atomic number of the 
halogen. The fluoride luses before it sublimes, but the other salts 
have no melting-jioint at atmosjiheric pressure. In the va])our 
state they are highly dissociated into ammonia and hydiogeii 
halide. In all cxce]it the fluoride, a transition-point has been 
observed corresponding with a difference in crystalline form. 
The ammonium halides are all freely soluble in watcT and are also 
soluble in certain organic solvents, tlie solubility iniTcasing with 
increasing atomic number of the halogen, but the fluoride may 
be an exception to this rule. They all form additive compounds 
with ammonia. 

Ammoninm fluoride, NHJ", is made by subliming a mixture of 
the chloride or sulphate with excess of soclium fluoride. It is freely 
soluble* in water and is soluble in alcohol. In crystal struct un*, based 
on ‘ hydrogen bonds ’ between N and 1 ', it resembles ice (p. 103). 

Ammonium chloride, NH4CI, is made* on a commercial s( ale from 
ammonium sulphate and sodium chloride, either by sublimation 
or in solution. If mixed solutions of these substances are con- 
centrated, the much less soluble sodium sulphate separates out 
hrst and can be removed. The ammonium chloride remaining in 
the solution is jirocnred by evaporation and inirihed by rccrystalliza- 
tion or by sublimation. The commercial proiluct usually contains 
ferric chloride, which colours it yellow, and which may be removed 
either by sublimation from ammonium phosphate or by recr^^stal- 
lization from dilute ammonia. Samples of very high purity were 
prepared by Richakus in the course of his determination of the 
atomic weight of nitrogen (p. 425). Ammonium chloride is produced 
whenever hydrogen chloride comes in contact with ammonia in 
solution or in the vapour phase at low temperatures. 

Ammonium chloride has a transition-point at 184°, at which 
temperature it changes from the body-centred (caesium chloride) 
structure to the sodium chloride type. On further heating 
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it readily sublimes without fusion, the vapour pressure reaching 
760 mm. at 338°. Measurement of the vapour density shows that 
even at this temperature dissociation into ammonia and hydrogen 
chloride is nearly complete, the density being little more than half 
of that corresponding with NH4CI. Since ammonia gas is much 
lighter than hydrogen chloride it diffuses more rapidly, and it is 
not difficult, by the use of pipeclay, an asbestos plug, or some other 
suitable membrane, to effect a partial separation of ammonium 
chloride vapcnir. For this reason the punlicatioii of the salt by 
sublimation should always be conducted in a current of ammonia. 
The claim by Baker and others that the intensively dried salt does 
not dissociate has been disproved. 

Ammonium chloride is very soluble in water, but much less 
soluble in alcohol. It is used as a flux in soldering, and in dry 
batteries, as well as in the Leclanche cell. 

Ammonium bromide, NH4Br, is obtained by the action of bromine 
on excess of aejueous ammonia. The mixture must be left tor a 
day or two after the vigorous reaction appears to be over, or the 
product will be contaminated with bromate. The liquid is hnallv 
evaporated to dryness on the water-bath. 

Ammonium bromide resembles the chloride, but it is slightly less 
volatile and is more soluble in water and organic liquids. Its 
transition-temperature is at 138''. 

Ammonium iodide, NH^I, is usually prepared by mixing concen- 
trated solutions of potassium iodide and ammonium sulpliate and 
adding alcohol, which precipitates nearly all the potassium sulphate. 
It can also be ])repared by adding ammonia and then hydrogen 
peroxide to iodine. It is the least volatile of the ammonium 
halides, the vapour pressure reaching 760 rnin. at about -f05‘\ Its 
transition-temperature is — i8'\ In the vapour state not only is 
there a considerable pioportiou of undissocuited molecules, provided 
the temperature is not too high, but some association into double 
molecules takes place. It is deliquescent and exceedingly soluble 
in water and in some organic liquids. 

Ammonium chlorate, NH4CIO3, is prepared by concentrating 
mixed solutions of sodium chlorate and ammonium chloride. The 
sodium chloride separates out tirst, and is filtered off. Evaporation 
of ammonium chlorate solutions is dangerous, as when concentrated 
they sometimes cause violent explosions. On boiling they yield 
chloiine and nitrogen. The decomposition of the solid jdelds 
in addition water, with some oxygen and ammonium chloride. 

Ammonium bromate, NH^BrOg, resembles the chlorate, but 
ammonium iodatc, NH4IO3, is rather stabler. It can be obtained 
in .solution from iodic acid and ammonia, or from ammonium 
carbonate and barium iodate. It is not very soluble in water: 
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only about 20 gm. per litre at room temperature. On heating 
it decomposes into nitrogen, oxygen, iodine, and water, as follows: 

2NH JOg-^N^ t +O2 1 -f I2 1 +4H,0 t . 

Ammonium perchlorate, NH4CIO4, is prepared from ammonium 
sulphate and barium perchlorate. Unlike potassium perchlorate, 
it is freely soluble in water. It is, as might be expected, stabler 
than the chlorate, and on heating yields nitrogen, chlorine, oxygen, 
and water. 

Ammonium carbonate, (NH4)2C03.- -The union of carbon dioxide 
and ammonia in the presence of water can yield a considerable 
number of products. In the absence of water these gases form 
ammonium carbamate, NH2.COONH4, an intermediate compound 
in the synthesis of urea (p. 390). The commercial ammonium 
carbonate contains the hydrogen carbonate and carbamate as well 
as the normal salt, but can be freed from these substances by careful 
washing with aqueous ammonia, in which the normal salt is not 
very soluble. Even at ordinary temperature the salt slowlv 
decomposes into ammonia and ammonium bicarbonate, and is 
used as * smelling sails': (NH4)2C03— NH3 f +(NH4)HC03. The 
solutions rapidly lose ammonia to the air, and the evolution of gas 
from a hot concentrated solution is so brisk that at about 80° it 
appears to boil. The solutions contain not only bicarbonate but 
carbamate. 

Ammonium bicarbonate, NH4HCO3, can be obtained by heating 
the commercial carbonate or the normal salt with a little water, 
or by exposing them to the air. It slowly decomposes into ammonia, 
carbon dioxide, and water, leaving no residue. The fact that 
ammonium bicarbonate is more soluble than sodium bicarbonate 
in water makes the Solvay process for sodium carbonate manufac> 
ture possible. 

Ammonium sulphide, ^NH4)2S. — Either this compound or ammo- 
nium hydrogen sulphide, (NH4)HS, may result from the union of 
ammonia with hydrogen sulphide in the absence of water, according 
to which gas is in excess. The ammonium hydrogen sulphide 
volatilizes when the product obtained with excess of ammonia at 
a low temperature is gently warmed. In solution the normal 
sulphide can be prepared by dividing an ammonia solution into two 
equal parts, saturating one with hydrogen sulphide and mixing it 
with the other, but hydrogen sulphide ions (HS') are in any case 
formed by hydrolysis. Both the solution and the solid are rapidly 
decomposed on warming. 

Ammonium hydrogen sulphide, obtained as above, is also very vola- 
tile, the vapour pressure reaching 760 mm. at about 32°. The vapour 
is almost wholly dissociated into ammonia and hydrogen sulphide. 
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Solutions of ammonium sulphide, in common with those of other 
soluble sulphides, have the power of dissolving sulphur, with the 
formation of polysulphide ions. Ammonium sulphide solutions 
on exposure to the air absorb oxygen, sulphur being produced, 
which then combines with the sulphide ions. The first action is: 

2S" + 02+2H20=2S + ^0H', 

and this is favoured b}" the acid reaction of ammonium salt solutions, 
as compared, for example, with those of the alkali-metal salts. 
The polysulphide solutions are yellow but, if very concentrated, 
may be red; the yellr)W solution is a familiar reagent in the labora- 
tory, where it is widely used, in qualitative analysis. Several 
polysulphides have been prepaied in the solid state, among them 
amnumitim pcntasulphidc, (N 114)2^5, a yellow crystalline solid 
obtained by adding sul])hur to water through which simultaneous 
streams of ammonia and hydrogen sulphide are passed. On cooling, 
the resulting liquid solidifies. 

Ammonium sulphate, (NH4)2S04, is made on an enormous scale 
for use as a fertilizer, for the most part from synthetic ammonia. 
Hither sulphuric acid or anhydrite may be used, as described in 
the section on synthetic ammonia (p. 390). An alternative source 
of ammonium sulphate is the ammoniacal liquor from gasworks 
or coke-ovens, which consists of a very impure aqueous solution of 
ammonia. Lime is added, and the ammonia, mixed with organic 
bases, is distilled off into dilute suljdiuric acid. 

Ammonium sulphate, the salt of a strong and not particularly 
volatile acid, is one of the stablest and least volatile of the salts of 
ammonia. It crystallizes without water and is isomorphous with 
potassium sulphate. On careful heating it loses ammonia and at 
320° can be quantitatively converted into the hydrogen sulphate: 

(NH4)2S04=:(NH4)HS04+NH3 t. 

It is extremely soluble in water, and the solubility has a rather low 
temperature-coefficient. 

Ammonium hydrogen sulphate, (NH 4)11804, is prepared by care- 
fully heating the normal salt, or by crystallization from solutions of 
it in dilute sulphuric acid. On stronger heating it yields nitrogen, 
ammonia, sulphur dioxide, and water. Like the normal sulphate, 
it is soluble in water but nearly insoluble in alcohol. 

Ammonium nitrite, (Nll4)N02, can be prepared by cautiously 
evaporating mixed concentrated solutions of ammonium chloride 
and sodium nitrite, and subliming the product under reduced 
pressure. It can also be made by passing simultaneous streams 
of ammonia, nitric oxide, and oxygen into a receiver cooled with 
cold w^ater. At a temperature of, say, 40"" the nitrite can be sublimed 
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under reduced pressure without decomposition, and thus separated 
from the less volatile nitrate which usually accompanies it. It is 
a hygroscopic solid which readily decomposes into nitrogen and 
water, and is used for preparing nitrogen: 

NH4NO2-N2 t H 2H2O. 

Tt is freely soluble in water and alcohol. The aqueous solutions 
give off nitrogen at 50^, or at lower temperatures if the formation 
of nitrous acid is promoted by the addition of a few drops of a 
strong acid. 

Ammonium nitrate, (NH4)N0jj. is prepared commercially by the 
action of nitric acid on ammonia. Traces of ammonium nitrate 
occur in rain, where they have been formed by the interaction of 
ammonia originating in d(‘caying animal matter and of nitric acid 
synthesized from air and water by the action of natural electric 
discharges. Ammonium nitrate is also produced by the reduction 
of nitric acid by certain metals. The solid exhibits several transi- 
tion-temperatures connected with changes in the crystalline fonn, 
among them one at 32°. At 170'' the salt melts, and when further 
heated decomposes into nitrous oxide and water: 

(NHJNO^-NoOt-f^HgO, 

a reaction used for the preparation of this gas. If suddenly and 
strongly heated, and simultaneously compressed, ammonium nitrate 
decomposes explosively, producing chiefly nitrogen, oxygen, and 
water: 

2(NH4)N0,-2N2 t -I O 2 1 + 4 H 2 O t . 

The fused salt is a jiowerful oxidizing agent which will dissolve 
many metals, especially if it contains a little ammonium chloride 
mixed with it. A mixture of ammonium nitrate and aluminium 
powder can be fired by a detonator, and has been used as an explo- 
sive under the name of ammonal, while ammonium nitrate has also 
been used in other explosive mixtures. The memorable explosion 
at Oppau in Germany in 1922, which caused heavy loss of life and 
was so violent as to be audible in London, was due to ammonium 
nitrate. 

The salt is exceedingly soluble in water, absorbing much heat 
when it dissolves: it is also soluble in alcohol. 

Ammonium phosphates. — Since ammonia and phosphoric acid are 
respectively a weak base and a weak acid, a large excess of am- 
monia is required to produce the hydroxyl ion concentration 
necessary for the formation of tertiary ammonium phosphate. The 
ammonium dihydrogen and diammonium hydrogen phosphates can 
be obtained from solutions prepared by mixing acid and base in 
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suitable proportions. They are both soluble in water. Diammo- 
nium hydrogen phosphate, (NH4)2HP04, loses ammonia on heating 
and gives ammonium dihydrogen phosphate, (N 114)1^2^04, which on 
further heating loses all its ammonia and leaves phosphoric acid. 
Sodium ammonium hydrogen phosphate, Na(NH4)HP04, ' micro- 
cosmic salt/ is described elsewhere (p. 451). 

Ammonium peroxide. — By the action of gaseous ammonia on a 
concentrated solution of hydrogen peroxide in dry ether at a low 
temperature, say —20°, two peroxides of ammonia can be obtained 
with the formulae (NH4)H02 and (NH 4)202 — the latter by continued 
action of the ammonia. By cooling to —40° they can be isolated 
as colourless, very unstable solids, which on warming to room 
temperature rapidly decompose into ammonia and hydrogen 
peroxide, 'i'hey may be regarded as the primary and secondary 
ammonium salts of the weak acid hydrogen peroxide. 


Ammines, Amides, Imides, Amines, Nitrides 

Ammines. — It is now generally believed that no definite com- 
pounds can be isolated from solutions of the alkali-metals in liquid 
ammonia, but definite ammines of the alkaline-earth metals have 
been obtained. I'hus barium hexammine, Ba(NH3)(„ is produced 
when ammonia acts on barium at low temperatures. It is stable 
(jnly at low temperatures, ignites spontaneously in the air, and is 
decomposed by water. 

Amides and Imides.— The amides contain the univalent group 
NHo, the imides the bivalent group NH. A large numlier of these 
comi^oiinds is known, but most inorganic examples are of only 
theoretical interest. Sodamide and potassamide are of some 
importance. 

Sodamide, NaNH,, is prejiared by heating sodium in ammonia 
gas at about 300° : 

2Na-t-2NH3=2NaNH2+H2. 

It is, when pure, a colourless solid which melts at 206° to a liquid 
which decomposes when strongly heated. It is slowly oxidized by 
the air, even when cold, and when heated in the air burns brilliantly. 
It reacts with water almost as vigorously as does sodium, producing 
caustic soda and ammonia: 

NaNH2 +H2O -NaOH 1 NH.,, 

and when heated with carbon produces sodium cyanide, NaCN 
(P- 453)- 

Bor amide, B(NH2)3, may be mentioned as an example of an 
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amide of a non-metal. It is produced by the action of ammonia 
on boron trichloride: 

6NH3-fBa3=--B(NH2)3+3NH,Cl, 

and when lieated forms first boron irnidc, B2(NH)3, and then boron 
nitride, J 5 N: 

2B(NiL,)3^B3(NH)3+3NH3 f . + f . 

Calcium irnidc, CaNH, is obtained by passing a mixture of 
nitrogen and hydrogen over hot calcium. 

Silver amide is obtained by the action uj)on silver nitrate of 
potassamide dissolved in liquid ammonia: 

KNH,+ AgN 03 -KN 03 + AgNH, ; . 

Phospham, PNolI. — This curious substance, wliich is probably a 
polymer (NP.NH)^i, is best prejiared by heating ammonium 
chloride with phosphorus pentasulphide. It is a colourless solid 
unaffected by cold water or cold dilute acids, but decomposed by 
boiling water into phosphoric acid and ammonia : 

PNgH +4H30=:H3P04+2NH3. 

It slowly oxidizes in the air and is decomposed by strong heating. 

Chloramine, NH2CI. — In this compound one of the hydrogen 
atoms of the ammonia molecule has been replaced not by a metal, 
as in sodamide, but by a halogen atom. It is produced by tlie 
action of hypochlorites on ammonia in solution: 

OCl'H- NHg^NILCl-t-OH', 

and can be detected in the mixture by its peculiar odour. Distilla- 
tion at low pressure yields a few drops of chloramine in the distillate 
as a yellow oil which readily decomposes. The pure substance can 
be obtained by removing water-vapour from the gas stream with 
potassium carbonate and condensing the remainder with liquid 
air. It is a colourless substance, melting at — 6o‘^ and liable to 
violent explosion at temperatures but little higher than its melting- 
jx)int. No similar compounds of the other halogens have been 
prepared. 

Nitrides. — The binary compounds between nitrogen and other 
elements are called nitrides. The salts of azoirnide, or hydrazoic 
acid, an acid with the formula HN3, are called azides, and are not 
usually classified with the nitrides, which can be distinguished 
from them by the fact that the nitrides all liberate ammonia when 
treated with fused caustic alkalis, and some of them when treated 
with water, e.g. : 

LigN -I- 4H.P - 3LiOH + NH3 + H A 
BN-f 3KOH- KaBOg-f NHg t . 


or 
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All elements form nitrides except the following: the inert gases; 
Group VIII [excluding iron, cobalt, and nickel, which do form 
nitrides), tellurium, bromine. Some of the very rare elements, 
such as gallium, and a few rare earths, have not been investigated, 
but from the behaviour of their neighbours in the periodic table 
it is probable that they would form mtiides. The nitrides of 
hydrogen, oxygen, carbon, sulphur, phosphorus, and the halogens 
are discussed separately, and several other nitrides arc mentioned 
under the heading of the second element. 

The nitrides can often be i^repared by heating the element in 
nitrogen, or sometimes in aminoma, but a high temperature is 
usually required. Instead of the clement, a mixture of its oxide 
with a reducing agent such as aluminium or carbon is sometimes 
used. Some nitrides can be made by heating a suitable compound 
with another nitride, more easily obtained: lithium and magnesium 
nitrides, which can be made by union of the elements at a compara- 
tively low temperatun', have been used for this purpose. 

Hydrazine, NHg.NHy. — Hydrazine was discovered by Curtius 
in 1887, though the probable existence of such a compound had 
been foreseen at an earlier date. Small quantities of hydrazine 
arc produced in varif)iis reactions, but to obtain a good yield either 
in the laboratory or on a large scale is not very easy, and hydrazine 
and its derivatives still command a fairly high price. 

The method discovered in 1907 by Raschtg, and called by his 
name, is perhaps the best. Aqueous ammonia is boiled with sodium 
hypochlorite and a little glue. The first product is chloramine, 
NH./d, and this reacts with more ammonia to form hydrazine 
chloride, NHjj.NIIaCl : 

N H.,C1 + NH3- NH,.NH.A 

This compound, which is soluble in water, remains in solution, 
and the hquid is cooled with ice and treated with sulphuric 
acid, which precipitates the less soluble hydrazine sulphate, 
N.^H4lI.^SO^, a colourless solid which may be recrystallizcd from 
water. Careful working is required or the yield will be j)oor, 
as alternative reactions may take place with loss of nitrogen: 
the object of the glue is to envelop and ‘ poison ' any traces of 
heavy-metal ions, that stronglv catalyse unwanted reactions. 

Hydrazine hydrate, N2H^.ll20, is obtained by the action of 
caustic alkalis on the acid (UTivatives of hydrazine, but it is difficult 
to separate it from the resulting solution without considerable loss: 
resort is had to fractional distillation under reduced pressure. 
Anhydrous hydrazine is prepared by treating hydrazine sulphate 
with liquid ammonia, when ammonium sulphate, insoluble in am- 
monia, is precipitated and removed by filtration. Hydrazine is a 
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colourless liquid which fumes in the air and attacks cork or rubber; 
in hot concentrated solution it will corrode glass. It freezes at o'"' 
and boils at 113”. It is soluble in water in all proportions, and 
forms with it a constant-boiling mixture which boils at about 120°. 
It is a di-acidic base, and can form salts with one equivalent of an 
acid or with two. Its first dissociation-constant is about I0“®, so 
that it is about as weak a base as ammonia, but its second dissocia- 
tion-constant is only about lO'^^ so the dibasic salts of hydrazine 
arc almost entirely hydrolysed in solution. Only one hydrate is 
known, the monohydratc N2H4.H2O, a liquid resembling hydra- 
zine in its properties. The basic properties of the amine groups of 
hydrazine, like those of ammonia, are presumably due to the power 
which these groups have of accepting hydrogen ions. Such a 
compound as hydrazine dichloride ionizes in aqueous solution as 
follows ; 

Cl.NH3.NH3.CWNH3.NH3 +2Cr. 

Hydrazine itself is oxidized by the air, and must be kept under 
hydrogen, while its derivatives are powerful reducing agents from 
which gaseous nitrogen can easily be liberated. They are rapidly 
oxidized by the halogens, e.g. : 

N2ll5*-h2l2-N2t+4l'+5H, 

and in acid solution, in the presence of certain catalysts such as 
copper salts, will reduce chlorates to chlorides: 

3 N 2 H 3 *-f 2 C 103 '= 3 N 3 t +2Cr-f 3H +6H2O. 

This reaction is used in analysis. Copper solutions are reduced to 
cujirous oxide, salts of silver, gold, and other electronegative metals 
to the metal, and ferric to ferrous salts. 

Hydrazine is an endothermic compound, and in the jirescnce of 
platinum black spontaneously decomposes as follows: 

3N2H4=4NH3+N2, 

but if a strong base is present the action is: 

3N2H4=2NH3-f2N.,+3H2. 

Several of the acid derivatives of hydrazine have been prepared, 
and the most important is: 

Hydrazine sulphate, * hydrazine hydrosulphate,’ N^H4.H2S04. 
the commonest hydrazine compound. It is a colourless solid 
precipitated from cold concentrated hydrazine solutions by sul- 
phates, as it is not very soluble in cold water (about 20 gm. per 
litre). It is considerably more soluble in hot water, but nearly 
insoluble in alcohol. It is a stable substance which can be heated 
to nearly 250° without decomposition. 

Hydrazine monochloride, NHj.NHg.Cl, is made by gently heating 
the dichloride. 
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Hydrazine dichloride, Cl.NH3.NH3.Cl, is usually made in solution 
from mixed solutions of the sulphate and barium chloride. It 
is a colourless hygroscopic solid soluble in water and slightly 
soluble in alcohol. 

Hydrazine and its derivatives — such as phenylhydrazinc, 
Cgllg.NH.NHo, and dinitroplienylhydrazine, (N02)2CeH3.NH.NH2 — 
have a limited use in inorganic chemistry as reducing agents, but are 
much employed in organic chemistry. 

Hydroxylamine, NHoOH.— This compound so much resembles 
ammonia in its structure that it is generally considered together 
with th(‘ hydrides of nitrogen. It was discovered by Losskn in 
18O5. Numerous methods for preparing it are known, but they 
mostly give only a poor yit‘ld. the electrolytic method is the best. 
In this procc^ss nitrates are redui'ed at the cathode in the pn^sence 
of sulphuric acid. A diaphragm cell is used with a lead or mercury 
cathode, and the elcTtrolyte must be well cooled. The yield is 
not \'ery good, and the isolation of the hydroxylamine is difficult, 
as its salts are soluble in water. The solution is neutralized and 
hcjated with acetone, (CH3)2t'0, which reacts with the hydroxyl- 
amine to form acetoxime, (C'H3)2C:i\OH ; this can be extracted with 
benzene and converted to hydroxylamine chloride, NHgOH.Cl, by 
treatment with hydrochloric acid. Alternatively a solution of the 
chloride can be obtaincxl by adding barium chloride to the sulphate 
solution and hltc'ring. Tins is then evaporated nearly to dryness 
under reduced j)ressure and allowed to crystallize. 

Most of the cluMTiical methods of jireparation also depend on the 
reduction of comjiounds containing nitrogen and oxygen. Lessen 's 
original method was to pas.s nitric oxide through hydrochloric 
acid in which tin is dissolving. After a suitable interval the tin 
IS precipitated with hydrogen sul]>hide and removed, and tlie 
liltrate evaporated to dryness, extracted with alcohol, and again 
taken to dryness, when hydroxylamine chloride remains. 

The free bas<' is easily obtained in solution by adding caustic 
alkali to hydroxylamine salt solutions, but as the resulting solutions 
are decomposed on boiling, the isolation of tlie fu‘e base is diflicult. 
It was first accomplished in i8(,o by adding sodium methoxide 
NaOCH,, to a solution of hydroxylamine chloride in methyl alcohol: 

NH30H.Cl+Na0CH3-NH20Hd-NaC4 +CH3OH t . 

Sodium chloride, which is nearly insoluble in methyl alcoliol, is 
filtered off, and the alcohol is removed by low-pressure distillation. 
The hydroxylamine can finally be distilled at low ])ressure at about 
f)0^, and recrystallized Irom alcohol, using a freezing-mixture to 
increase the yield. It is a c(;louiiess solid, melting at 33°, which 
explodes if suddenly heated. It mixes with water in all proportions, 
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but the solutions are not very stable, especially if impurities are 
present. In the presence of platinum black they are rapidly decom- 
posed into nitrogen, ammonia, and nitrous oxide, and atmospheric 
oxidation to nitrous acid and other products also takes place even 
in the absence of a catalyst. Hydroxylamine is a weak mono-acidic 
base, weaker than ammonia, and combines with acids to form salts 
whose cation is NHgOH’, and which are partially hydrolysed in 
solution ; they can be titrated against caustic alkalis with 
plienolphthalein. 

Hydroxylamine most commonly behaves as a weakly basic 
reducing agent with the structure NHo.OH, the oxidation-products 
being generally nitrous oxide, Nj, 0 , and water, but sometimes 
nitrogen, nitric oxide, or even nitric acid. In certain circumstances, 
however, and notably in strong acid solution, it may behave as an 
oxide of ammonia, NH^-^O, with oxidizing properties. To give 
an adequate summary of its behaviour it would be necessary to 
describe its reactions with organic compounds: we may mention 
here a few of its inorganic reactions. 

In neutral or slightly acid solution ferric salts are reduced to 
ferrous salts, but in concentrated acid solution, or in alkaline 
suspension, the reverse change takes place. In these reactions 
nitrous oxide is the principal product of oxidation, ammonia of 
reduction. Iodine is reduced to iodide except in very concentrated 
acid solution, when iodides are oxidized to iodine. Cuprous oxide 
is deposited from Fehling’s solution, and silver from silver salt 
solutions. 

Hydroxylamine chloride, NH3OH.CI or NH2.OH.HCl. — This salt 
is sometimes called hydroxylamine hydrochloride, to express the 
fact that hydroxylamine forms salts by combination with an acid 
without the elimination of water: it is a basic anhydride, like 
ammonia. It is prepared as already described, and is a colourless 
solid melting at 151° and decomposing on strong heating. It is 
very soluble in water. 

Hydroxylamine sulphate, (NH20H)2.Il2S04 or (NH30H)2S04, 
is obtained by evaporating the chloride to dryness with sul- 
phuric acid in calculated quantity and extracting the residue 
with alcohol, in which the sulphate is nearly insoluble. It 
melts with decomposition at about 170° and is very soluble in 
water. 

Azoimide, Hydrazoic acid. Hydrogen azide, HN3.— Phenyl azide, 
CgHg.Na, was prepared in 1867, but hydrogen azide was not dis- 
covered till i8qo, when Curtius prepared a small quantity by the 
action of nitrous acid on hydrazine: 

N2H4+HN0.2=:N,H+2H20. 
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Very numerous reactions have since been discovered by which the 
acid or its salts can be pre[)ared, though, as with hydrazine and 
hydroxylamine, it is difficult to get a good yield. Cuirnus’s 
original method gives a fair yield if the acidity is carefully con- 
trolled. The oxidation of hydrazine sulphate with a persulphate 
also gives quite good results, but the best method of all is to heat 
sodamide to 200^^ in a current of dry nitrous oxide, when a good 
yield of sodium azide, NaNg, is obtained: 

NaNH.+N., 0 = xNaNa-f H./), 

mixed with a little caustic soda produced by hydrolysis of the 
sodamide. The jiroduct is dissolved in water, acidified, and dis- 
tilled, when the hydrogen azide comes over in the first fraction. 
The anhydrous sui)stancc is obtained by blowing air through its 
warm aqueous solution, removing water from the air stream by 
calcium chloride, and condensing the hydrogen azide vapour in liquid 
air. Hydrogen azide is explosive, and the experiment is dangerous. 

Hydrogen azide (this is perhaps the best of the three alternative 
names for the compound) is a colourless liquid with a nauseous 
smell, freezing at —80° and boiling at 37°. It frequently explodes 
when boiled, but the density of the vajiour has been measured and 
found to correspond with the formula HN3. It mixes with water 
in all proportions, and the dilute solutions are stable at all tempera- 
tures in the absence of catalysts, though the concentrated solutions 
may explode on heating. The solutions contain a weak monobasic 
acid; dissociation-constant, say, 2XI0"‘^ at 25°, about equal to 
that of acetic acid. The solutions are very pioisonous. Hydrogen 
azide is easily oxidized to nitrogen, or reduced to ammonia, or, 
le.ss often, hydrazine. In the presence of plaliniim black these 
changes take place siimiltaneouslv* 

3HN,^4N3t+NH3t, 

and this reaction can be brought about in solutions of either the 
acid or its salts. When metals dissolve in the acid solution the 
hydrogen liberated reduces some of the acid to ammonia, which 
then forms ammonium azide: compare the yiroduction of ammonium 
nitrate by the action of nitric acid on certain metals. Solutions of 
hydrazoic acid are also decomposed bv acids on boiling, and often 
oxidize them; thus with hydrocliloric acid chlorine is liberated: 

Nyi-b3H d 2ri'-(:L t d-N^ t +nh;. 

The azides are obtained by acting on hydrazoic acid with bases, 
and contain the ion N^'; their solutions have alkaline reactions 
from hydrolysis. The prim i])al soluble azides are those of the 
alkali-rnetals, ammonium, magnesium, and the alkaline-earth 
metals. They are all explosive, but the alkali-metal azides much 
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less so than those of the heavy metals. Oxidizing agents liberate 
nitrogen from the azides: e.g. with bromine the action is: 

Br,-1-2N3'=3N2 t +2Br'. 

Sodium azide, NaNg, is prepared by cva])orating to dryness the 
solution prepared from the acid and caustic soda, or from sodamide 
as already described, and is a colourless solid which can be struck 
with a liaminer with impunity— though it is liable to explode, forming 
the elements, if heated to about 350°. It is vf^ry soluble in water. 

Ammonium azide, NH4N3, is a colourless volatile solid which if 
cautiously heated melts at i()0° and begins to sublime at about that 
temperature. If rapidly heated it explodes, yielding nitrogen, 
hydrogen, and ammonia. 

Cupric azide, CuNg, is a highly explosive substance precipitated 
from cupric solutions by soluble azides. 

Silver azide, AgNg, is obtained from silver solutions and azide 
solutions. It can be distinguished from silver chloride by its 
solubility in warm dilute nitric acid, or even more easily by the 
violent detonation produced by a sharp blow. It melts at 254°, 
and ex])lodes at a rather higher temperature. It slowly decomposes 
into Us elements when exposed to light. 

Lead azide, BbNg, resembles silver azide and has been used as a 
detonator. It exists in two different crystalline forms, one of which 
is much more dangerously explosive than the other. 

Hydrogen azide also forms interesting but unstable compounds 
in which its hydrogen atom is replaced by a halogen. 

Chlor azide, N.^Cl, is a gas produced by the action of hypochloroiis 
acid on azides in acid solution: 

HNa+HOClr-NgCl t +H2O. 

It is a violently explosive substance liable to spontaneous detona- 
tion. With alkaline solutions it forms an azide and a hypochlorite. 
By the action of bromine vapour on silver azide, hromazidc, N^Br, 
is obtained as an orange-red and equally explosive liquid, instantly 
decomposed by water. lodouzide, N3I, has been prepared as an 
explosive yellow solid by the action of iodine in ethereal solution on 
silver azide: its solutions in water, though unstable, can exist for 
a short time. 

The structure of hydrazoic acid and its derivatives has now 
been elucidated with certainty. The old cyclic formula: 

H-N< II 

is incorrect, and the formula N±=N==NH or N“=N+=NH is in 
full agreement with the evidence. 
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Oxides of Nitrogen 

Heats of Formation. 

Nitrous oxide, —19,600 Nitrogen dioxide, NO ^ -“7,900 

(gcis) —2,200 
(liquid) -| about 
5,000 

Nitric oxide, NO, —21,600 Nitrogen pcnioxide,N.JOf^{^o\\d) +13,000 

Niliogen tnoxidc, —22,200 

Ml-Ats of Formation of ihj- Oxidks of Nitrogkn (('alokies) 


As the table show^, the oxides of nitrogen are mixstly (‘ndotliennic 
coTni)f>unds, though tlie exothermic nature of liijiiid N.^O^ and 
sr)hd should be noted. The trii^xide and pent oxide aie un- 

stabk' at ordinary t(‘inperatun\s and are l(\ss important than the 
others. 

At high temperatures the stable oxide is nitric oxide, formed 
from air or any other mixtuie of oxygen and nitrogen in accordanct 
with the equation: 

No-I 0,v-2N0. 

The formation of the oxide is promoted by high temperature, but 
])ractically unaffected by changes in pressure. At ordinary tem- 
peratures the equilibrium yield of nitric oxide is extremely small, 
about 0*1 per cent at looo^^ and not more than 2 jier cent even at 
2000®. The reason why no decomposition of nitric oxide can 
be detected at ordinary tempeiatures is that the velocity of de- 
composition only becomes perceptible at about 1200° or over. 
At very high temperatures better yields can be obtained, and 
calculation from the van’t Hofi' isochorc gives about 4-5 per 
cent at 3000°. Still higher temperatures can be reached in the 
electric arc, and the problem is of great practical imjiortance, since 
the combination of nitrogen and oxygen is the most obvious, and 
was for some years the most promising, method of nitrogen fixation. 
At the temperatures employed the velocity of reaction is very 
great, but it is absolutely neces.sary to provide for rapid cooling, 
as otlierwise the nitric oxide decomposes as soon as slightly lower 
temperatures are reached. At 2000*^, for example, the half-life 
period of nitric oxide is only a fraction of a second, and the equili- 
brium proportion less than 2 per cent. In all nitric oxide furnaces 
the gas stream — which may be simply air — is therefore blown at 
high speed through the arc, usually spread out so as to cover as 
large an area as possible, and is immediately water-cooled ; this is 
an example of ' freezing the equilibrium.* Nevertheless, heavy 
losses of nitric oxide must take place during cooling, though the 
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yields obtained are better than could be expected from a purely 
thermal equilibrium. The yield of the process as carried out on a 
large scale with an arc at 3000°-3500° is said to be about 2 per 
cent, and Habek and Konig reached a yield of no less than 14*5 
per cent by working on a small scale and under special conditions. 
This is considerably more than the equilibrium yield at the tem- 
perature employed, and it must be supposed either that the 
equilibrium is affected by the electric discharge or that some of 
the reacting gases are dissociated into atoms. 

Manufacture of Nitric oxide from Air. — The electrical energy 
required in industrial practice is about twenty times the heat of 

formation of the nitric oxide pro- 
duced, and the factories tliat worked 
this process were all situated where 
cheap electrical power was available, 
and usually in the neighbourhood 
of mountain streams which could be 
adapted to water-power for turning 
the generators. As the nitric oxide 
process made no headway against 
the synthetic ammonia industry, 
whicli in time entirely superseded it , 
only a brief account of the Hikke- 
l.and-Eyde process, as formerly 
worked in Norway, will be given. 

In this furnace the arc is struck 
between cop])er U-tubes cooled by 
a rapid curient of water pumped 
through them. The.se electrodes 
lie along one diameter of a circular 
chamber about seven feet in dia- 
meter and made of refractorv 
material ]nerced with holes for the 
passage of air. The arc is spread into a semicircle by a large electro- 
magnet whose poles project into the refractory material, as shown 
in the diagram, and whose coils lie outside the circular chamber. 
As the curient supplied to the electrodes is alternating, while the 
magnet is fed with direct current, the semicircular arc occupies first 
one half of the chamber, then the other. Air is drawn through the 
furnace by suction-pumps connected to the central space, and enters 
on the outside of the refractory material; as the furnace is circular, 
the pipes through which the air is carried to the furnace and away 
from it are not shown in the diagram. It leaves the furnace at 
1000° or less. 

The combination of nitric oxide and oxygen to form nitrogen 
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dioxide, which takes place to completion at room temperature, 
is reversible at higher temperatures: 

2N0+02^2N02. 

On cooling, the nitric oxide in the gas stream begins to combine 
at about 620°, and at 140° the action is virtually complete. The 
first stage of the cooling, down to about 200°, is carried out in 
boilers where the heat of the gases is used for raising steam, and the 
gases are then led into large cooling chambers which they leave at 
about 50° for the towers where they are to be absorbed. Dilute 
nitric acid trickles down the first few towers, which are filled with 
granite blocks to increase the area of contact between gas and 
liquid, and the next tower is supjdied with water, wliile in the last 
is a solution of sodium carbonate containing some caustic soda 
to ensure tl\c complete absorption of the nitrogen dioxide. The 
product of the first towers is nitric acid in concentration up to some 
30 per cent , while in the last tower there is produced a mixed nitrate 
and nitrite solution. Some of the nitric acid was used for the manu- 
facture of calcium nitrate from limestone, and for this reason the 
salt, which was used as a fertilizer, was sometimes known as * Nor- 
wegian saltpetre,’ to distinguish it from Chile saltj)clre, an iinj[)iire 
sodium nitrate. 

Nitrous oxide, NoO, can be made by reducing nitric acid with 
stannous chloride and hydrochloric acid in carefully chosen pio- 
portions, but is nearly always prepared by heating ammonium 
nitrate; 

NII4NO.,- NoO t+2H,0. 

The gas can be frectl from water and from any trace of nitric oxide 
by ]xissing it through a solution of ferrous sulphate in concentrated 
sulphuric acid. The aminoniuin nitrate must be pure and free 
from chloride, and the heating must be cautiously carried out, for 
not only is the vessel liable to crai'T if condensed water falls back 
on to the hot glass, but the salt is also liable to explode if too strongly 
heated. 

Nitrous oxide is a colourless gas heavier than air, with a peculiar 
taste and smell. The curious intoxication induced by small 
quantities led to the name ‘ laughing gas ' for the substance. 
Further inhalation leads to insensibility, seldom followed (unless 
unduly prolonged) by any ill after-effects, and a mixture of the gas 
with oxygen is still used by dentists as a general anaestlietic. 
Liquid nitrous oxide freezes at —106° and boils at — qo°. The gas 
is not very soluble in water, and at 15° and atmospheric pressure 
water will dissolve only about 780 c.c. of nitrous oxide per litre. 
At low temperatures a hydrate, N2O.6H2O, can be obtained from 
the solutions as a colourless solid. 
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When strongly heated, e.g. to 700° or over, nitrous oxide is 
decomposed into its elements. It will not bum, and cannot easily 
be made to combine with oxygen, but will readily support the 
combustion of most substances that burn in air. Hydrogen burns 
in it with a large luminous flame, forming water and nitrogen, 
and charcoal burns in it, fomiing carbon dioxide and nitrogen. 
Nitrous oxide can easily be distinguished from oxygen or air by 
its failure to combine with nitric oxide. It reacts with ammonia 
when heated, forming nitrogen and water: 

3N20+2NH3=4N2+3H20, 

and is fairly stable towards the usual oxidizing or reducing agents. 

Nitric oxide, NO. — The synthesis of this compound has already 
been discussed. It is frequently produced by the action of reducing 
agents, usually metals, on nitric acid, and in the laboratory copper 
is generally employed for the purpose. The reaction is usually 
represented as: 

3 Cu+ 8 H‘+ 2 N 03 '=-- 3 Cu *+ 2 N 0 f +4H2O, 
but unless the conditions are carefully regulated, the product is 
always contaminated with traces of other oxides of nitrogen. A 
pure gas can be obtained by using cold dilute nitric acid. Care is 
always necessary in starting the reaction, as it gives out much 
heat and the velocity increases rapidly with temperature. The 
best method is to use fairly concentrated nitric acid at first and to 
dilute it before the evolution of gas becomes too violent. A pure 
gas can also be obtained by dropping concentrated sulphuric acid 
on to a solution of sodium nitrite in water; traces of nitrogen 
dioxide, nitric acid, or hydrogen chloride can be removed by passing 
the product through water. Whatever method is used, the gas 
must not be collected till all the air has been driven from the 
apparatus. 

Nitric oxide is a colourless gas, very slightly heavier than air. 
The liquid freezes at —161° and boils at —150°. At ordinary 
temperatures it rapidly combines with the oxygen of the air, forming 
nitrogen dioxide, a brown gas: 

2N040,==2N02,2N02;f-'N204, 

but without the production of flame. I'he velocity of the reaction 
has a small negative temperature-coefficient. Nitric oxide is only 
slightly soluble in water, but if air or oxygen is also present it 
forms nitrogen dioxide, which can be completely absorbed. Con- 
ductivity measurements on solutions of pure nitric oxide in water 
show them to contain a very unstable weak acid, perhaps nitro- 
hydroxylaminic acid, H2N2O3. Nitric oxide is soluble in solutions 
of ferrous salts (usually ferrous sulphate), with which it probably 
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forms a complex ion (Fc.NO)*’. The gas is released when the 
solution is warmed, and can be completely expelled by boiling. 
Since in some of its reactions nitric oxide shows evidence of un- 
saturation, it is interesting to find that the vapour density gives 
no sign of double molecules (^ee p. 354). 

Nitric oxide will support the combustion of certain substances 
with a great affinity for oxygen. Strongly-burning fragments of 
phosphorus or charcoal, if plunged into the gas, will continue to 
burn, leaving nitrogen and forming phosphorus pentoxide and 
carbon dioxide respectively. On the other hand, burning hydrogen 
and burning sulphur are extinguished by nitric oxide. However, 
the gas can be reduced to nitrogen by sparking it with hydrogen, 
and to hydroxy lamine by bubbling it through solutions in which 
hydrogen is being produced (p. 405). 

Nitric oxide combines with the halogens, except iodine, to form 
compounds such as nitrosyl chloride, NOCl. With metallic oxides 
at different temperatures a variety of products may be formed. 
Some, such as litharge, PbO, are unaffected, others, such as barium 
peroxide, form nitrites . 

BaO^ri 2N0-Ba(N02)2, 

others, such as silver oxide, form the metal and a nitrate: 

2 AgaO- [- NO=3Ag+ AgNOg, 

and some lower oxides reduce nitric oxide, forming a higher oxide 
and nitrogen, e.g. with stannous oxide stannic oxide is produced: 

2Sii0+2N0-2Sn02-fN2. 

Hydrogen peroxide forms nitrous acid if not in excess: 

H202+2N0=2HN02, 

and nitric acid if in excess: 

3H2O2+2NO-2HNO2+2H2O. 

Ferrous hydroxide produces a little hyponilrite: 

2Fe(OH)2+2NO h20H'-N202"+2Fe(0H)3. 

Nitrogen trioxide, NgOo, is produced at low temperatures by the 
union cJ nitric oxide and nitrogen dioxide: 

NO+NO^^NoOg. 

or of nitric oxide with oxygen in quantity insufficient to form the 
dioxide : 

4 NO-f 02=2N203. 

A suitable mixture of nitric oxide and nitrogen dioxide can be 
obtained by reducing nitric acid of moderate concentration with 
starch, or a mixture of oxygen with a large excess of nitric oxide 
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may be employed. When the gas stream is cooled to a sufficiently 
low temperature the nitrogen trioxidc collects as a blue substance 
which melts at about — 80*^ or —90''’ and boils with decomposition 
at 2''. Solid nitrogen trioxide has also been prepared by the action 
of the electric arc on liquid air. 

At 25°('. and i atm. the dissociation of the trioxidc into nitric 
oxide and nitrogen dioxide leaves 10 per cent of undecomposed 
triexide. Tlie tnoxidt'. combines with oxygen, as does nitric oxide, 
to f(U'm nitrogen dioxide, and it is usually supposed to be an inter- 
mediate product in the oxidation of nitric oxide. It is immediately 
absorlied by caustic alkali to form a nitrit(‘: 

N Arf 2OH'- 2NO./-MIP, 

and is indeed the anhydride of nitrous acid. 

Nitrogen dioxide, nitrogen ‘peroxide,’ NOg and NoO^. — This com- 
pound is prodiK'cd at ordinary tempera lur es as a brown gas by the 
action of air or oxygen on nitric oxide; it can also be obtained by 
distilling lead nitrate, PbfNOJ^»: 

2 PI)(N 0,)2 -2PbO-f 1NO, t d O2 t , 
or by reducing nitric acid with arsenic trioxide, As^O^. If the ga'^ 
obtained by any of these processes is passed through a freezing- 
mixture at about —20 tlie nitrogen dioxule condenses as ntxirly 
colourless crystals which melt at —10^', but to rianove any nitiogen 
trioxide it is well to pass oxygen through the liquid. 

I’he colour varies in a striking way with the temperature. The 
solid is colourless or very pale yellow, and melts without change 
of colour. At 10°, however, the liquid is distinctly yellow, and at 
the boiling-point, 22'', is orange, while with rising temperature the 
gas takes on a darker and darker shade ol reddish-brown, and at 
40"^ is nearly black. Similar colour-changes can be observed in 
solutions of nitrogen dioxide in solvents such as acetic acid. 
Vapour-density measurements on the gas, and cryoscopic measure- 
ments on the solutions, show that the changes can be accounted 
for by an internal equilibrium between colourless molecules, N2O4, 
and red-brown molecules, NO2: 

2N02^N.P4. 

The experimental results are in good agreement with the law of 
mass-action. The degree of dissociation of the double molecules 
at atmospheric pressure is 20 per cent at about 27°, 50 per cent 
at about 58°, 90 per cent at about 101°, and virtually 100 per cent at 
about 140®. At higher temperatures nitrogen dioxide begins to 
decompose into nitric oxide and oxygen, and the colour of the gas 
consequently becomes paler. 

Nitrogen dioxide is much heavier than air. It has a pungent, 
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disagreeable smell, and is dangerously poisonous. It is completely 
absorbed by water with the formation of nitrous and nitric acids: 

2 NOo f H, 0 = HNO2+ HNO3, 

and by caustic alkalis with the formation of nitrites and nitrates. 
If, liowever, the nitrous acid concentration rises too high, some nitric 
oxide is formed: 

1HNO0V-TINO3+2NO ! lIoO. 

In the presence of air or oxygen in excess, nitric acid is the only 
product of the action of nitrogen dioxide on water. Nitrogen 
dioxide is absorbed by concentrated sulphuric acid, arid dissolves 
in concentrated nitric acid to form " fuming nitric acid.' 

Nitrogen dioxide is an oxidizing agent, and under favourable 
conditions will support combustion. At a high temperature 
hydrogen reduces it to ammonia, while charcoal and phosphorus, 
but not sulphur, can be made to burn in the gas. Many metals 
such as copper or nickel will reduce the gas to nitric oxide when 
heated in it, themselves fonning oxides; other metals form nitrates. 
Most metallic oxides behave like water and give a mixture of 
nitrite and nitrate, thus with calcium oxide: 

2CaOH 4N02-Ca(N02),+ Ca(N03)2. 

With hydrogen sulphide the products are nitric oxide, sulphur, 
and water: 

HaS+NO.-NO + S+Hp. 

Nitrogen dioxide docs not react at ordinary temperatures with 
the halogens. 

Nitrogen pentoxide, N20ji, was discovered in 1849 by Deville, 
who prepared it by the action of chlorine on hot dry silver nitrate: 

4AgN03+2a-4AgCl+2NA t +0., f . 

but is more conveniently obtained by the action of the powerful 
dehydrating agent phosphorus pentoxide on pure anhydrous nitric 
acid: 

2HN03-H20-NAt. 

The nitric acid is first dried by one or two distillations from con- 
centrated sulphuric acid, and is then mixed with a considerable 
excess of phosphorus pentoxide while the temperature is kept 
below 0°. The mixture is then cautiously distilled, when the 
pentoxide ccjllects in the receiver in colourless cr^^stals. 

Nitrogen pentoxide is a colourless solid which melts at about 
30^^, and at room temperature, unless confined in a closed vessel, 
slowly sublimes without melting, forming nitrogen dioxide and 
oxygen. It is nitric anhydride, and dissolves in water, forming 
nitric acid and giving out much heat. It is a powerful oxidizing 
'»‘0 
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and nitrating agent, and in contact with organic substances may 
give rise to explosions. Tlie decomposition ultimately into nitrogen 
dioxide and oxygen is a homogeneous unimolecular reaction, and 
has been the object of muclr investigation (p. 117). It has recently 
been shr)wn that the solid is ionic, and represented by the formula 
NTV.NOy'. 


Nitrogen Oxyhaudes 

Nitrogen forms two series of oxyhalidc'S, the niirosyl lialides, 
such as nitrosyl chloride, NOCl, and the nitroxvl or nitryl halides, 
such as nitroxyl chloride, NO2C-L To borrow a term from organic 
( liemistry, these are the ‘ acid chlorid(‘s ' of nitrous and nitric 
acids respectively, and on hydrolysis they yield these acids and the 
hydrogen halide, e.g. : 

NOXl -l-Hp^HNOa +HC1. 

Nitrogen forms no oxyiodidcs, and the existence of nitroxyl bromide 
and chloride has been disputed. The nitroxyl compounds are 
not very stable. 

The nitrosyl halides are all gaseous at room temperature. Tlieir 
melting- and boiling-points are as follows: 

NOF NOCl NOBr 

Mrliing-point — 134 '’ — 02 ® — 35 ° 

Boihvg-point — 56 ® ~ 6 ® — 2 ® 

Melting- and Boiling-points of the Nitrosyl Halides 

Nitrosyl fluoride, NOh', is a colourless gas prepared by the action 
of nitrosyl chloride on silver fluoride. It is hydrolysed by water, and 
the solution yields nitric oxide and nitrogen dioxide on wanning. 
Most metals decompose it to form a fluoride and nitric oxide. 

Nitrosyl chloride, NOCl, is prepared by the union of nitric oxide 
and chlorine on a charcoal catalyst at 50'’, or by the action of nitric 
acid on numerous chlorine - containing compounds — hydrogen 
chloride, ferric chloride, and phosphorus pcntacliloride have all 
been employed. The most satisfactory method is to distil a mix- 
ture of potassium chloride and nitrosyl bisulphate, NO.HSO 4 . 
Nitrosyl chloride is present in aqua rcgia, and is no doubt partly 
responsible for its solvent properties. 

It is an orange gas which must be very strongly heated before it 
dissociates into nitric oxide and chlorine. It is soluble in water, 
and its hydrolysis can be repressed if the liquid is strongly acid 
(e.g. as in aqua regia). Heated in nitrosyl chloride, many metals 
form chlorides and leave nitric oxide, while others form oxides and 
chlorides and leave nitrogen. 
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Nitrosyl bromide, NOBr, is prepared bv the action of nitric 
oxide on bromine at low temperatures. Higher oxybromides of 
nitrogen have been described. 

Nitryl fluoride, NOgE, was discovered in 1905. It is prepared 
bv acting on dinitrogen tetroxide with excess of fluorine at a low 
temperature and fractionating the product: 

N20,+F.>-2N(),.E. 

and is a colourless gas with a vciy pungent odour, wliich in its 
chemical activity recalls fluorine: it attacks glass. Nitryl fluoiidi' 
melts at -- and boils at — 72°. 

Nitryl chloride, N()./"l, is jnepared by the combination of 
nitrogc'n dioxide and chk)rinc in a hot tub(\ or by the action ot 
( hlorosulphonic acid, Cl.SOg.OH, on nitric eicid: 

Cl.SO,.OH4 HNO,=-NO/: 1 -[-HoS() 4 , 

or by mixing nitrosyl chloride with ozone and cooling the product 
with liquid air: 

NOCbj (Xy- NOaCl-f O,. 

It is a colourless licjuid which boils at —15*^ to form a colourless 
gas, decomjioscd by water. 

Thi*: Owacids of Nitrogen 

The principal oxyacids of nitrogen are hypo?ti(roits acid, ir.,Nj.O.>, 

nitrous acid, HNOg, 

nitric acid, HNO.j, 

in ascending order of importance. Unstable derivatives of hydro- 
nitrous acid, HjjNO.^, and nitrohydroxylaminic acid, HgN^O^, have 
also been prepared. 

Hyponitrous acid, H^N^O,. — Several methods are known for 
the preparation of hyponitriles. Nitrites may be reduced either 
with sodium or magnesium amalgam or electrolytically at a 
mercury cathode, or nitric oxide may be reduced bv ferrous 
hydroxide. The yield of these processes is usually poor: perhaps 
ten or twelve per cent. The hyponitrite is isolated from the 
resulting solution as the insoluble silver salt. The free acid is 
obtained by suspending the silver salt in ether and adding a solution 
of hydrogen chloride in ether, then filtering off the silver chloride 
and evapiorating the ethereal solution of the acid to dryness. It 
is a colourless crystalline solid, v^ery unstable and liable to 
spontaneous explosion. The aqueous solution liberates nitrous 
oxide even at room temperature: 

H,NA==N,0t+H20, 
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but the acid cannot be made by combination of nitrous oxide and 
water, and nitrous oxide should consequently not be described as 
hyponitrous anhydride. Cryoscopic measurements show the acid 
to exist in double molecules in solution, and it is weak and dibasic. 
It is a poweriul reducing agent, usually forming nitrous acid. 

Sodium hyponitrite, NagNgOg.sHgO, can be obtained in small 
crystals by the electrolysis of sodium nitrite solutions at a mercury 
cathode. It can be dehydrated in a vacuum, 'i'he solution 
liberates nitrous oxide on boiling: 

NA' + HaO -^Np t +2OH', 

but the solid is stable u]> to 300^", when it decomposes, attacking 
even glass and platinum. 

Silver hypomirite, AggNgOg, is a pale yellow salt precipitated 
troin hyponitrite sf)lutions by silver nitrate. It is unaffected bv 
boiling water, but on heating alone gives silver and nitric oxide, 
with a little silver nitrate. 

Nitrous acid, HNO2, Nitrites. — Nitrous acid has never 

been isolated, but it can be obtained without difficulty in solution 
by acidifying cold solutions of nitriles, or, less convenientl\’, by 
the action of water on nitrous anhydride, nitrogen trioxidc, N2O3. 
'i'he niliites can be prepared: 

(i) from the sodium or jiotassium salts, prej)ared by heating 
the nitrates with or without n'ducing agents: 

2KN0:,=-2KN02-f02 1 ; 

(ii) bv the action of oxides of nitrogen on acjueous solutions, 
thus nitrogen dioxide gives a mixture ol nitrite and nitrate: 

2 N O2+ 2OI r = NO./ + NO3' + H.2O. 

A mixture of nitric oxide and dioxide in the right jiroportions 
gives })ure nitrite: 

NO + NO2+ 2OH' -2NO/ f 1 1 2O ; 

(hi) by reducing nitrates: thus in the jires(mcc of lime sulphur 
dioxide will reduce nitrates to nitrites: 

N0/+S02+Ca0-N0./4 CaSO^. 

Nitric acid can be partially reduced by nitric oxide, but the 
action is reversible: 

2N0+HN034-IL0^>3HN0.,; 

(iv) by oxidizing nitric oxide, either as above with nitric acid, 
or with hydrogen peroxide or barium dioxide. I'he oxida- 
tion with hydrogen peroxide must bt; carefully controlled, 
or nitric acid will be produced. 

2NO+HA-2HNO2. 
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The nitrites are mostly colourless or pale yellow substances 
soluble in water, but some of the complex nitrites, such as potassium 
cobaltinitrite (p. 807), are insoluble. Nitrous acid is a weak acid, 
dissociation-constant about 5Xio~^, hence its salts are slightly 
hydrolysed in solution and have a faint alkaline reaction. Nitrites 
may have a weak oxidizing or a weak reducing action. The oxidiz- 
ing action is promoted by acidity, but the peculiarities of the other 
substance concerned are often more important: thus ferrous salts 
will reduce nitrites in all circumstances. The general equations are : 

2 N 0 ./+ 2 H'- 2 N 0 - 1 -H ,0 I-O 
and N0,' + H20=-N03'+2H. 

The favourable effect of acidity on the oxidizing powers of nitrites 
may be attributed citlier to the hydrogen ions consumed or to the 
disruptive effect of acids on the nitrous acid molecule, ON. OH, 
which contains a hydroxyl group united to the elements of nitric 
oxide, i.e. a nitrosyl group. In certain reactions, mainly involving 
carbon conqiounds, nitrous acid can split off a Itydroxyl group (not 
ion) to form water. The other product is called a ^liiroso-compound. 

Nitrite solutions are decomposed by boiling; this is a simultaneous 
oxidation and reduction: 

3Ncv+hp=-*no3'-i- 2NO t -f 20hr. 

The decomposition is slow in the cold, but can be accelerated by 
removing the nitric oxide as it is fonned, as for instance by passing 
through the liquid a stream of some indifferent gas, such as nitrogen. 
Neutral nitrite solutions are stable towards atmospheric oxidation, 
but this takes place even in the cold if the solution is acid. The 
small quantities of nitric oxide produced are oxidized by the air 
to nitrogen dioxide, which, with more air, is absorbed by the 
solution, producing nitric acid. The total reaction is then: 

2 NO 2 ' f02-2N0./. 

Since concentrated nitrous acid solutions decompose, solid nitrites 
give brown nitrous fumes with concentrated sulphuric acid. 

Air, ozone, hydrogen peroxide, bromates, iodates, permanganates, 
and ceric compounds are among the substances which in suitable 
circumstances will oxidize nitrites to nitrates. In acid solution 
hydrogen sulphide is oxidized to sulphur, sulphites to sulphates, 
and ferrocyanides to ferricyanidcs. The case of iodine is instructive, 
for in acid solution iodides are oxidized to iodine, while in neutral 
or alkaline solution iodine is reduced to an iodide. The equations 
are: 


and 


aNO^-f 2r+4H*=-2NO f +I2+2H.,0 
N 6 ,M-I.,-TH 20 -N 03 '+ 2 H*-t- 2 r. 
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Since nitric oxide, the product of the reduction of nitrous acid, can 
itself be reduced without much difficulty, the action of vigorous 
reducing agents on nitrous acid and the nitrites may produce not 
only nitric oxide but also hydroxylamine, nitrous oxide, nitrogen, 
or ammonia. 

Sodium nitrite, NaNO^, is prepared on a large scale from oxides 
of nitrogen. The hot mixed gases are passed into caustic soda, and 
the mixture of nitric oxide and nitrogen dioxide produces a fairly 
pure salt. Large quantities of sodium nitrite are consumed in the 
dye industry in the manufacture of diazo-compounds. Sodium 
nitrite may also be prepared by heating sodium nitrate, but as it is 
difficult to stop the decomposition exactly at the point required, 
it is best first to mix the nitrate with a reducing agent. Lead is 
often used; 


Pb+NaNOg-PbO 4-NaN02, 

and the nitrite can then be obtained from the product by extracting 
it with water, in which it is extremely soluble : it absorbs much heat 
on solution. It melts at 271°, and on stronger heating decomposes 
with the formation of sodium oxide, nitrogen, nitric oxide, and 
sodium nitrate. 

Potassium nitrite, KNOj, is very similar to the sodium salt. 

Sodium hydronitriie, Na2N02, is obtained by mixing solutions of 
sodium and" of sodium nitrite in liquid ammonia. It is a yellow 
solid which reacts violently with water, behaving like a mixture 
of sodium and sodium nitrite: 

2Na2N02+2H20=H., t +2NaOH+2NaNOa. 

Nitric acid, HNO3. — Two methods of manufacturing nitric acid 
on the large scale from atmospheric nitrogen have already been 
described: the oxidation of ammonia (p. 300), and of synthetic 
nitric oxide (p. 41 1). The former now covers the greater part of the 
world's consumption, but an older process, in which a nitrate is 
distilled with concentrated sulphuric acid, is still carried out. 
Potassium nitrate is sometimes preferred to sodium nitrate, as it can 
more be purified by recrystallization. The action is: 

KNOg+HjSO^^HNOg f +KHSO4, 

so that half the sulphuric acid is not used, but this action takes 
place at about 200°, while the conversion of potassium hydrogen 
sulphate to potassium sulphate requires a very much higher tem- 
perature and a more expensive plant, while some of the nitric acid 
is decomposed. The stills are made of cast iron, and the water- 
cooled condensers of special acid-resisting alloy or sometimes of 
glass. Not all the nitric acid is condensed, and it is necessary to 
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pass the issuing vapour through towers in which it meets a descending 
stream of dilute acid. In order to avoid decomposition of the 
nitric acid, which is perceptible even at 200°, the distillation may 
be carried out at a lower temperature by reducing the pressure. 
Nitrogen peroxide dissolved in the product can be removed by 
blowing air through it. If fuming nitric acid is required, the process 
can be carried out at a higher temperature. The ' still ' method is 
now obsolescent, and will doubtless soon be abandoned altogether. 



In the laboratory fuming nitric acid is prepared by distilling con- 
centrated nitric acid with sulphur or starch, when the nitrogen 
peroxide produced by reduction will be found in the distillate. The 
commonest impunties in commercial nitric acid are hydrochloric 
and sulphuric acids. They are removed by adding silver nitrate 
and barium nitrate, filtering and distilling under reduced pressure. 

Properties. — At low temperatures nitric acid is a colourless solid 
which melts at —41°. Pure nitric acid cannot exist above this 
temperature, as the liquid is slightly dissociated into nitrogen 
pent oxide and water. It is soluble in water in all proportions and 
forms a constant-boiling mixture which boils at 120-5° and contains 
68 per cent nitric acid as lINOji density 1*41. The acid can be 
further concentrated by distillation under reduced pressure with 
concentrated sulphuric acid, and a liquid loo-per-cent HNO3 by 
cnlculation can be prepared by the addition of nitrogen pent oxide, 
but it contains free nitrogen pentoxide. The density of this acid 
is 1-52. Hydrates HNOg.HgO and HNO3.3H2O have been f>repared 
at low temperatures. Concentrated nitric acid has a pungent 
smell and fumes in the air. 



422 THEORETICAL AND INORGANIC CHEMISTRY 

In aqueous solution nitric acid is a strong monobasic acid, but 
in certain non-aqueous solvents such as methyl alcohol, in which 
perchloric acid retains its strength, nitric acid is a weak electrolyte. 
In concentrated aqueous solution, too, it displays peculiarities; it 
IS considerably associated into double molecules, which ionize as 
follows: Hj,N20q^H 20+N02 -f-NOjj'. The nitronium ion NO-* 
forms salts sucli as the perchlorate, and is the active agent in 
nitration (p. 125). 

Nitric acid acts as a base in anhydrous HE: HNO3 l-HF^^ 

F';l no; l-H/). 

The oxidizing powers of nitrates arc greatly dependent on the 
presence of water and on the acidity of the solution. Fused sodium 
and potassium nitrates are very powerful oxidizing agents, used 
in fusion mixture to bring refractory metals or minerals into solu- 
tion, Tlie oxidizing power of the nitrate ion in neutral or alkaline 
solution is, however, very feeble, while concentrated nitric acid is 
a powerful oxidizing agent, and the fuming acid very powerful 
indeed. The concentrated acid oxidizes phosphorus to phosphoric 
acid, sulphur to sulphuric acid, and iodine to iodic acid. Hydrogen 
chloride is partially converted to clilorine and nitrosyl chloride. 
A mixture of the two acids in the proportion of one part of nitric 
acid with three parts of hydrochloric acid is a powerful solvent 
which will dissolve gold and has been known for centuries under 
the name of aqua regia. Dilute nitric acid will oxidize hydrogen 
sulphide to sulphur, and ferrous salts to ferric salts on warming. 
The bright 3^ellow colour produced by the action of concentrated 
nitric acid on skin, hair, wood, or other organic substances is due t() 
3^ellow nitro-compounds, e.g. picric acid. The vapour, too, has 
poweiful oxidizing properties; in the vapour state nitric acid is 
partially dissociated into nitrogen dioxide, oxygen, and water: 

4HNO3-. 2l-h,0+02, 

and at high temperatures nitrogen and oxygen make their appear- 
ance. Decorrqiosition of the vapour, but not of the liquid phase, is 
enhanced by ex])osure to light. 

The reduction of nitric acid may yield, according to the circum- 
stances, nitrous or h^^ponitrous acids, nitrous oxide, nitric oxide, 
nitrogen dioxide, nitrogen or ammonium or hydroxylamine 
compounds. The action of tlie acid on metals is therefore 
highly complex, and the precise nature of the reactions which 
lake place has been the object of prolonged, though somewhat 
unfruitful, controversy. Though hydrogen is extremely seldom 
produced by the action of nitric acid on a metal, yet gaseous 
hydrogen is unaffected by nitric acid, except in the vapour 
state and in the presence of a catalyst. There is a considerable 
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difference between the redncing ])(nvers of gaseous and ‘ nascent ’ 
hydrogen. Many metals, such as iron and nickel, become passive 
111 the concentrated acid, a plieiiomenon which, with iron at 
least, has been traced to the formation of a him of oxide. Nitnc' 
oxide, nitrogen dioxide, nitrites, nitrates, and ammonium coin- 
])ouiids are the commonest products of the action of the acid on 
metals. 

1 'he volatility of nitric acid is com])arabl(' with that of hvdro- 
(diloric acid, and wdien chlorides are heated with nitric acid a 
balanced action takes ])lace: 

RC 1 -) HNO^^-RNOa hllCl. 

the result depending on which acid is present in excess. On the 
other hand all nitrates can be completely converted to sulphati^s 
by ignition with excess of the much less volatile sulphuric acid. 

Nitric acid is used on the large scale in the manufacture of 
fertilizers, dvestuffs, explosives, and organic chemicals. In th(' 
laboratory it is used in the jirejiaration of nitrates and nitro-coni- 
pounds, as a solvent, and as an oxidizing agent. A solution of a 
dichromate in concentrated nitric acid is used for cleaning glass 
apyiaratus. 

Nitniics- -AW the simple inorganic nitrates are soluble in w^ater; 
they may be dcdected in solution bv the ‘ brown ring ’ test (p. 794), 
or b\ lh(‘ w'hil(‘ pn'cij)itate they giw wath ‘ nitron ’ (diph('nyleiido- 
anilodihvdrotriazole). Nitrates an' olteii hydrated, and sevcTal 
nitiati'S of wTak bases (e.g. aluminium nitrate) have never been 
])re]>ared anlndrous, as hydrolysis takes place on heating. 

Nitrates are dt;coni posed by heating. Ammonium nitrate gives 
nitrous oxide and water, the alkali-metal nitrates give oxygen anil 
a nitrite, otheis give an oxiile (or metal) and oxides of nitrogen, 
sometimes accompanied by oxw gen (e.g. lead nitrate). 

Nitrogen Halidi-s 

Nitrogen fluoride, NE3, was discovered in 1928. It is a colourk'ss 
gas prejiared by the electrolysis of fused ammonium hydiogen 
lluoride, The liquid freezes at —210'' and boils at —119k 

Nitrogen fluoride is quite unlike the chloride and is very stable. 
It is insoluble in water, and unaffected by water, caustic alkali, 
glass, mercury, or magiiancse dioxide, but it can be decomposed 
into nitrogen and hydrogen fluoride by sparking wdth hydrogen. 

Nitrogen chloride, NClg, was discovered by Dulonc; in 1811. 
He was seriously injured (losing an eye and some lingers) in an 
explosion to wdiich the new substance gave rise, but continued to 
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inve^ti^2^ate it. Since nitrogen chloride is liable to spontaneous 
detonation, it must nevTr be prepared, without sp(‘cial precautions, 
in quantities larger than a drop) or two. 

It is prepared by the action of chlorine or hypochlorites on 
ammonium salt solutions at a tempierature of 30 ’ or 40 The 
reactions are: 

NH/I3CU NCI3 f 3CI' f 4H- 

and 2NII4' I 70Cr--:.N(d34 4ClM-4H,0-[ NO3', 

but the yield is always poor, as decompiosition into nitrogen and 
chlorine takes pilace. The solution must not be alkaline, or chlor- 
arnim^ will be produced (see hydrazine, p. 403). Tlie ammonium 
solution IS the first ])roduct of the action of chlorine on a(]ueous 
ammonia, so if the chlorine is in excess nitrogen chloride may be 
produced from chlorine and aqueous ammonia. 

Nitrogc'ii chloride is somtdimes called nitrogen trichloride to 
distinguish it from chlor.izide (j). 40S). It is a hiiavy yellow 
oily licpiid insoluble in cold water, by whii'h, however, it is slowly 
decomposed with formation of hypochlorous acid and ammonia: 

NCl 3 + 3 H 30 -NH 3 -t- 3 H 0 Cl. 

The hyj)ochlorite then oxidizes the ammonia to nitrogim and 
nitric acid. With hydrochloric acid instead of water the action is: 

NCl3+4Hn--3(1.,| +NHiCl. 

Nitrogen chloride is a covalent compound; it is volatile*, evaporating 
freely m the air, and is soluble in liquids such as benzene or carbon 
tetrachloride. Many organic substances, however, bring about 
immediate expilosion into nitrogen and chlorine; sunlight and 
shock have the same effect. The solutions decompose quietly 
when expiosed to light. vSee also chloramine (p. 402) and chlorazide 
(p. 408). 

Nitrogen bromide has (probably) not been prepared, but a com- 
p)ound NBrg.fiNHg is obtained by strongly cooling a mixture of 
bromine vapour and ammonia at low pressure. Nitrogen iodide, 
NI3, was first prepiarcd in i()3i by the action of ammonia on com- 
plex iodides. The name had previously been given to a substance 
once su]ipx)sed to have the composition NI3, but now known to be 
N2H3I3, possibly NH3.NI3. It is pmqiared by the action of exce.ss 
of iodine on ammonia in various solvents, such as aqueous iodides 
or alcohol, as a black solid insoluble in water. The moist substance 
is safe, but the dry solid explodes on the slightest provocation, 
forming nitrogen, iodine, and ammonium iodide. Dir(*ct sunlight 
causes exp)losion, but if the nitrogen iodide is under water it may 
decompose quietly. 
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Nitrogen Sulphides 

Ordinary nitrogen will not combine with sulphur, but nitrogen 
tetrasulphide, N4S4, can be prepared by passing ammonia into a 
solution of sulphur dichloride in benzene: 

i6NU^+6S.,Cl,:=N,S,^+i2mi,C\ j + 483 . 

The ammonium chloride is filtered off, and evaporation of the 
solution produces large orange crystals of the tetrasulphide, which 
can be recrystallized from benzene and further purified by sublima- 
tion under reduced pressure. The crystals are almost inodorous: 
tliey sublime at about 170° and decompose into the elements if 
heated to a much higher temperature: rapid heating or shock leads 
to violent explosion. Nitrogen tetrasulphide is slowly decomposed 
by water, forming ammonium salts of complex sulphur oxyacids, but 
it is soluble in many organic lic]uids, and freezing- and boiling-point 
measurements on these confirm the formula N4S4. 

Nitrogen pentasulphide, N2S5, is prepared by heating the tetra- 
sulphide with carbon disulphide under pressure, and is a grey 
solid melting at ii® to form a dense red liquid. It slowly decomposes 
into sulphur and the tetrasulphide. 


The Atomic Weight of Nitrogen 

The best determinations of the atomic weight of nitrogen are 
those of Richards and his collaborators. In the 1907 experiments 
the weight of silver nitrate obtained from a known weight of silver 
was determined, and in 1909 they measured the weight of silver 
chloride obtained from a known weight of ammonium chloride. 
The atomic weights of silver and chlorine had previously been 
determined in the same laboratory with extreme accuracy, and 
these experiments were no less successful. The original papers 
are of great interest (/. Amer. Chem. Soc., vols. 29 and 31), but here 
we shall give only a summary of the second series of measurements. 

Ammonium chloride was chosen because it can so easily be 
purified by sublimation. Non-volatile impurities are easily elimi- 
nated by passing pure ammonia into pure hydrochloric acid in 
water, and the most obstinate impurities are amines and other 
organic compounds. They were oxidized by boiling ammonium 
sulphate with concentrated sulphuric acid and a little potassium 
permanganate in a Jena flask until the solution was colourless. 
After cooling, the salt was dissolved in pure water and the ammonia 
driven off by warming with freshly-prepared lime. It was absorbed 
by pure aqueous hydrochloric acid and the chloride recovered from 
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the solution by evaporation. All these operations were carried out 
in enclosed vessels to exclude dust, and to prevent contamination 
by burner gases all heating was electric. 

The ammonium chloride was then purified by sublimation. This 
process is apt to introduce new errors, due to interaction with the 
glass of the vessel at the temperature emploved, or excessive 
diffusion of ammonia, which is considerably lighter than hydrogen 
chloride, the other product of dissociation of the vapour. To 
avoid the first source of error only quartz vessels were used, and the 
ammonium chloride was sublimed in a stream of ammonia to 
prevent dissociation, and to remove any free hydrogen chloride 
which might be present. The ammonia was obtained by warming 
a saturated solution of the pure gas in calcium chloride, drying it 
with lime, and freeing it from solid particles by passing it through 
cotton-wool and a porcelain diaphragm. 
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A second sublimation was then carried out in the vacuum from 
a Sprengel pump. The short wide tube in which the salt had 
been colltx'ted was joined to a similar tube by a ground joint at 
one end, and the two tubes were placed in a wider tulie which v/as 
then evacuated. By suitably placed heating coils the ammonium 
chloride was then sublimed from one tube to the other in which 
it was to be weighed. The bottling was carried out in the Harvard 
bottling apparatus, an ingenious device which makes it possible 
to weigh without difficulty substances which undergo slight changes 
of weight when expiosed to the air, whether by absorption of water 
or carbon dioxide, or by oxidation. It consists of a wide glass 
tube with a tap at both ends, a ground joint in the middle, and a 
side-tube to contain the cap of the weighing-bottle and a small 
glass hammer. The salt to be weighed, contained in a tube or 
boat, is placed in the left-hand end of the apparatus, and the 
weighing-bottle on the right. The salt can now be finally dried by 
heating it in a current of nitrogen or any suitable gas or in a vacuum, 
and by tilting the tube allowed to slide into the weighing-bottle. 
The tube is then tilted so that the cap of the w^eighing-bottle falls 
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into position, where it is secured by a few taps from the glass 
hammer. The weighing-bottle can then be transferred from the 
apparatus to the balance, and during the whole operation the 
salt has been protected from the air. 

The weighed ammonium chloride was then dissolved in pure 
water in a Jena flask. The water for these experiments was 
obtained by distilling a weak solution of potassium permanganate 
(to oxidize possible organic impurities) into a platinum condenser. 
The dilute solution of ammonium chloride was then treated with 
excess of a dilute solution of silver nitrate which had been prepared 
by dissolving pure silver in nitric acid and evaporating to dryness. 
The silver was purified by precipitation as chloride, reduction to 
the metal with invert sugar and sodium hydroxide, and fusion in 
a boat of pure lime in an atmosphere of hydrogen to avoid oxidation. 
The precipitation of silver chloride was always carried out in a 
darkened room to prevent the change which light brings about in 
this substance. 

The precipitate was brought on to a Gooch crucible and well 
washed watli water. Silver chloride has a very small but neverthe- 
less perceptible solubility in 'water, and consequently some of it 
IS carried away in the wash-w^ater. The amount thus removed 
was allowed for by a device due to Richards called the nephelo- 
meter. The w%ash-water is treated with excess of a solution of 
silver nitrate, and the silver ion concentration is thereby increased 
to such an extent that the solubility-product of silver chloride is 
again exceeded and the solution Decomes opalescent. By comparing 
tiie degree of opalescence with a number of standards derived from 
solutions of known strengtli, the concentration in the wash- water 
can be found and allowed for. 

The atomic weight of nitrogen from this research was found to 
be 14*008; the synthesis of silver nitrate gave 14*013, a difference ol 
one part in two or three thousand. 
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THK INERT GASES 

HELTEM, NEON, ARGON, KRYPTON, XENON, [rADON] 

He ^ Atomic Number, 2 ■ Ki — Atomic N Hm})er, 

Nc 2.0' Atomic N umber, 10 Xc A Uunic Number , y\ 

A - 3Cj-()-j Atomic Numticr, i(S , j l^n 222. Atomic Nu}nt)cr,'i>h] 

History. - 111 i7<^5 Ca\'eni>ish c.insed atniosjilK'iic (.»xyf.MMi and 
nilroi^cn to combine by mean‘s of the electric spaik, added :m 
excess ol oxyRcn, and alisorbed the n^snltint^ oxides of nitrogen in 
alkali. He found that howevia' l(»ng the s])arkmg was c<intinued 
and howev(*r great an excess oi oxygen was iiscal, a small bubiik' of 
gas nTuained which could not be absorbed. Tins eas was aigon, re- 
discovered only a century later, but the clK'niK'al knowlcdgt' of I lie 
time was not sufticumt to enable Cavendish to undinstand tullv 
the result of his experiment. 

Th(! matter received no further attention till when Lord 

KAVLi'Uni f)l)servcd that the density ot nitrogen jm^j^ared Ironi 
ammonium nitrite was about halt of i ])eT cent less than the 
density of the gas obtained by lemoving oxygen, watiT-vapour, 
and carbon dioxide from air. 'I'he ditfen'iice, considerablv gieatr-r 
than the experimental error, stxaned to indicati' the jireseiK'e of a 
light gas in iho first ])roduct or a heavy gas in the S(‘cond. Tlu‘ 
second alternative S6‘emed the more probable, and RAviEitm and 
Ramsay made an experiment to test it, 'fhe oxygcai was removed 
Irom drv air with hot cop])er, and tht‘ nitrogen with hot magnesium, 
w'hich combines with it to form magnesium nitride. A residual 
gas was obtained unaffected by either tieatment and forming 
nearly 1 per cent of the original volume of air; this new' gas was 
called ar^on (from the (ireek, meaning ' l.izv,' on account of its 
rc'inarkable lack of chemical projicrties). The story of the dis- 
covery, which excited great ])ublic interest at the time .ind is onc' of 
the romances of modern chemistry, should be read in The Discovny 
of the Rare Gases, by 'rRAvacRS, w'ho himself took an active part in the 
w(>rk'. Ramsay’.s Gases of the Almosl>hcrc should also be consulted. 

It was known that certain scaic:e minerals, among tlumi cleveitc*, 
furnished gaseous nitrogen w'hen heated or when decomposed by 
powerful solvents, and after the discovery of argon in the air it 
w'as thought that it might also be found associated with the nitrogen 
from these minerals. Spcctro.scopic examination of the gas clis- 
closed lines wdiich could be attributed neither to nitrogen nor to 
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argon, but which had been noticed in 1868 by Lockyer in the 
spectrum of the sun*s corona, and had been attributed to a new 
element which he had called helium. Meanwhile the fractional 
distillation of crude liquid argon was successfully accomplished, 
and yielded besides helium three entirely new gaseous elements, 
neon, krypton, and xenon. These are all present in air, but in 
very small quantities, argon being very much more abundant than 
any of them. A litre of crude argon obtained by removing oxygen, 
nitrogen, and impurities from air contains the following volumes of 
other rare gases, in cubic millimetres: 

helium, 550; ncoyi, 1,600; krypton, 5 (?); xenon, less than i. 

When it is remembered that a litre contains a million cubic milli’ 
metres, the enormous preponderance of argon will be realized. 
Argon itself is present in air to the extent of 0-93 per cent by 
volume, so it can scarcely be called a rare gas, since many millions 
of tons are available in the earth’s atmosphere. Large quantities 
of helium have been obtained from natural gas in certain parts of 
the United States. These natural gases issue from vents in the 
ground, and may contain nearly 2 per cent of helium. 

Isolation. — The best method for preparing impure argon from 
air is to remove the oxygen with hot copper and to absorb carbon 
dioxide and water with caustic alkali followed by concentrated 
sulphuric acid. The nitrogen is then removed with hot magnesium, 
leaving a residual gas consisting mostly of argon. Commercial 
oxygen which has been made by the liquid air process is also a 
convenient source of argon, of which it may contain as much as 
4 per cent. Neon for discharge tubes is obtained by the fractional 
distillation of liquid air. The air is first separated by fractional 
distillation into oxygen and nitrogen, the neon and helium being 
associated with the nitrogen. Since neon boils at —246° and 
nitrogen at —195'’, there is no difficult v in separating the two 
gases. Traces of nitrogen and oxygen can be removed from the 
neon by absorbing them in charcoal cooled in liquid air. The 
charcoal absorbs oxygen and nitrogen far more readily than it 
absorbs neon. Neon free from helium can be obtained, if required, 
by sohdifying the neon with the help of liquid hydrogen at —253°, 
leaving the helium, which boils at uncondensed. 

Uses. — Argon, carefully freed from oxygen and nitrogen, is used 
in filling a certain type of electric lamp, since certain metals used 
lor the filament react even with nitrogen at the very high tem- 
peratures reached. Helium has been used in the United States 
to fill airships: it has the great advantage over hydrogen that it 
cannot be ignited. It is true that it is twice as hea\^ as hydrogen, 
but the lifting power of a gas depends not so much on its density 
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as on the difference between its density and that of air; the lifting 
powers of hydrogen and helium are nearly equal. Helium, which 
has the hnvest boiling-point of any known substance — about 4 ° 
above the absolute zero — was first liquefied by Kammerlingh 
Onnks in 1907, and solid helium, which molts at less than 1° 
absolute, has also been prejKired. The liquid has been used in 
research for producing very low temperatures, and a mixture of 
lielinm and oxygen is sometimes supplied to deep-sea divers instead 
of air, as helium is less soluble than nitrogen in the blood. Neon 
gives a brilliant scarlet in the discharge tube and is widely used 
in advertising signs. 

'i'he advances in pure science which have been made possible 
by the discovery of the inert gases greatly outweigh any practical 
benefits which have resulted from that discover}^ The identifica- 
tion of helium as a disintegration product of the atoms, first of 
radioactive and then of other elements, was made possible by 
Ramsay and Rayleigh’s discovery. Neon, too, was the first 
element to be partially separated into its isotopes. The inert gases 
are also of the greatest importance, as has already been shown, in 
the study of the periodic table, and provided the necessary clue 
to the elucidation of atomic structures. Radon, or radium emana- 
tion, is one of the inert gases, but does not, so far as is known, 
accompany them in detectable traces in the atmosphere. 

Some of the physical properties are shown in the table: 



Hcliitm 

Neon 

Argun 

Krypton 

Xenon 

Atomic Number 

2 

10 

iS 

3 b 

54 

Atomic Weight 

4003 

20-183 


S3.S 

131-3 

Melting-point 

< I ® Abs 

- 249“ 

- 188'^ 


-112° 

Boiling-point 

4® Abs 

246'^ 

-iSb° 

-132° 

~ 107° 


Physical Propkrttes ok ttie Inert Gase^ 


Properties. — The inert gases are all colourless and without taste 
or smell. They are only slightly soluble in water, but argon and 
neon arc more soluble than is nitrogen. Excluding the gaseous 
ions which occur in discharge tubes under high potential, it is 
probably safe to say that they form no compounds. The atoms of 
the inert gases will not combine even with each other, and the gases 
are monatomic at all tem})cralures. The solubility relations in the 
case of argon, krypton, and xenon are beheved to indicate the 
existence of hydrates (GHgO), and there is nothing unlikely in such 
a view, for the water molecules might be attached by a new com- 
plete ring of electrons round the inert gas atom. 



CHAPTER XV 


GROUP I 

LITHIUM, SODIUM, POTASSIUM, RUBIDIUM, CAESIUM. FRANCIUM, 
COPPER, SILVER, GOLD 

Group I occui)ies one of the oxtreinities of the periodic Li 
table. The subgroups are very dirferent in cluiracbT, 1 
for while Subgroup A closely rt^senibies the two typical Na 
('lements, Subgroup B has but few connections with 1 \ 
tliem. K Cu 

To show liow sharply this group is divided into two | j 

by the projicrties of the elements and their compounds, Rb Ag 

it is necessary only to quote the standaid electrode, | | 

] potentials (here, as throughout the book, on the Cs An 

liydrogeii electrode scale) and the melting-points of | 

the elements: Er 

MetaJ Li Na K Kb Cs i Cu An 

Standard Potential 

{volts) --'^’02 — 2'7X - ~-2'e)Z -'jq* -j- O 52 ] ()-8o 1 I •()S 

MeltiiVi;- point 180° 98'' 04*' 39'^’ 'zqp 1084° 1004'^ 

The determination of the standard poiontial cannot be made 
diiectly for the alkali-metals (hlhium to caesium) because they 
decoin j)ose water; it has been obtained by the use of dilute amalgams 
of tlie metals. The figures for gold and copper refer to univalent 
ions. The comyxirisrin shows that ('oj)pcr, silver, and gold are 
noble metals, while the alkali-metals have low melting-points and 
decom])ose water. Sodium, potassium, rubidium, and caesium 
crystallize in body-centred cubes, copper, silver, and gold in facc- 
centred cubes. 

Francium , — In 1931 Parish and Wainer claimed to have 
discovered traces of element No. 87, hitherto known as cka-cacsinm, 
111 the mineral samarshite, which also contains the other alkali- 
metals. By fractional recrystallization of the alums the rubidium 
and caesium WTre collected in one part of the .sample, but that 
this material, when examined in the X-ray spectograph. gave lines 
characteristic of element 87 has not been confirmed. Recently an 
clement with this number (francium, Fr), having /^-ray activity and 
a half-life period of only 21 min., has been defected in the decay 
products of the a-activity of actinium: 

227ac-223p , 4hc 

431 



432 THEORETICAL AND INORGANIC CHEMISTRY 
Typical Elements and Subgroup A 


The tabic gives some fundamental physical properties : 



T.i 

Na 

K 

l^b 

Cs 

Fr 

Atomic Number 

3 

11 

ly 

37 

55 

«7 

AtoTiiic Wcif^hl 

b ()40 

2 2 001 

3Q-IOO 

85-48 

132-91 

(223) 

Density of Melal 

o* 5 (> 

0 07 

0-Q7 

1*52 

1-89 

— 

Atomic Volume 

12 

24 

•15 

. 5 b 

7 * 

— 


This is the most homogeneous of all the groups of the periodic 
table, except Grouj) O, and the chemical properties of the elements 
and their compounds arc very similar. None of tliem diverges 
from univalency, and they are always positive in tlu'ir compounds. 
Few covalent compounds of the alkali-metals arc known, but the 
ions may form covalent complexes with water of hydration. This 
is due to the fact that their atomic numbers are all one higher 
than the atomic number of an inert gas, so that the atom has a very 
great tendency (as measured by the electrode potential) to lose an 
electron and become an ion with the very stable inert-gas electron 
structure. Nearly all their salts are very soluble in water. Potas- 
sium, rubidium, and caesium have larger atomic volumes than 
any other element, and the s<\lts of all the alkali-metals, with oin^ 
exception, arc compk'tely dissociated in solution. Lithium, with 
a comparatively small atomic volume, is distinguished from tlie 
others by a resemblance to magru'smm, the second member of 
the next group, a phenomenon that occurs more than once in the 
periodic table. It is tlic only member of the group to form a 
nitride by direct combination; its carbonate, phosphate, and fluoride 
are only sliglitly soluble; its ion shows a feeble tendency to form 
complexes with ammonia; some of its salts are very soluble in 
organic solvents, and conductivity measurements show these solu- 
tions to contain undissociated ion-pairs, which perhaps occur to 
some extent in aqueous solution as well. The solid salts of lithium, 
and to a less degree sodium, show a tendency to take up water of 
crystallization, and the degree of hydration of the ions decreases 
from lithium to caesium, which accounts for the observation that 
the ionic mobility increases from lithium to caesium (p. 153). 
Rubidium and caesium are chiefly distinguished from the lower 
members by their greater electropositive character and the power 
of forming perhalides stable in the solid state. 

History. — Sodium and potassium, tlie two most abundant 
members of the group, have been known in their compounds from 
\'ery early times, but were first clearly distinguished by Marggkaf 
in the second half of the eighteenth century. Lithium was dis- 
covered by Arfvedson in 1817. Rubidium and caesium were 
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discovered by Bunsen and Kirchhoff in i860 by the method of 
spectrum analysis: rubidium gives two conspicuous red lines and 
caesium two blue ones easily distinguished from those of other 
metals. 

Occurrence. — Sodium and potassium are among the most abun- 
dant metals on the earth. Only three sources of sodium need be 
considered: sodium chloride or common salt, whether from the sea 
or from mines, sodium nitrate or caliche, from Chile and Peru, and 
sodium carbonate from the deposits at Magadi and elsewhere in 
East Africa. Potassium is nearly all derived from the Stassfurt 
deposits of potassium and magnesium salts in Germany. Both 
sodium and potassium are essential to the life of plants and animals. 
In countries where salt is scarce it is a valuable commodity, and 
has been used in savage countries as currency: animals too will 
travel many miles to obtain it. In many countries — e.g. France 
or India — salt is taxed or is a monopoly of Government ; everybody 
has to buy it and the tax is difficult to evade. Growing plants 
require potassium, and it is usually supplied to them in the form 
of manure if the soil is poor in it, but large quantities of potassium 
salts are poisonous both to animals and plants. Lithium, though 
widely diffused in very small quantities, is less common, and is 
chiefly extracted from two aluminosilicates, petalite and lepidolite, 
by fusion with barium carbonate, extraction with hydrochloric acid, 
evaporation to dryness, and extraction of the resulting lithium 
chloride with alcohol. Rubidium and caesium are rare metals; the 
chief source of their salts is the mother liquor remaining from the 
extraction of the other alkalis. They are contained in carnallite to 
the extent of about 0-02 per cent RbCl and 0*0002 per cent CsCl. 
They can be completely precipitated as silicomolybdates (together 
v^fth a little potassium) from an acid solution of the once recrystal- 
lized carnallite. The precipitate is heated in hydrogen chloride, 
when the molybdenum volatilizes as oxychloride, and the precipita- 
tion is repealed. Since practically all the caesium is precipitated 
first, and is then followed by the rubidium, the isolation of these 
elements from carnallite is no longer very difficult. 

Metals. — It is possible to prepare the alkali-metals by reducing 
their carbonates with carbon, e.g.: 

K2C03+2C=2K+3C0t, 

but the process has long been abandoned in favour of electrolytic 
methods. This is a return to the original method, for in 1807 
Sir Humphry Davy obtained sodium by electrolysing the hydroxide. 
The activity of the metals towards water precludes the use of 
solutions for the electrolysis, though lithium has been made by 
electrolysing a solution of lithium chloride in pyridine. The 
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hydroxide is used instead of the cheaper chloride, chiefly because 
it fuses at a far lower temperature. Sodium, and to a less degree 
]X3tassium, are the only alkali-metals to be produced on a large scale. 

Preparation of Sodium . — In the Castner process, fused caustic 
soda is electrolysed in an iron vessel. The negative electrode, 
consisting of an iron rod. passes up through the base and is fixed 

m position by solidified 



caustic soda. The upper 
end of the cathode is 
screened by a cylinder 
of iron wire gauze, im- 
mediately above which 
is an iron tube in which 
the molten sodium, pro- 
duced as a result of the 
electrolysis, is collected 
and protect (xl from oxi- 
dation. The anode 
consists of a cylinder of 


luG no. Castnrk PKocTiSs i*oR iHi-. Manu- nickcl, surroLinding the 
KAcioKE OF SoDTTTM cathode (Fig. no). As 

the sodium collects, it is 


removed from time to time witli a ladle. Hydrogen (at the cathode) 


and oxygen (at the anode) are by-products. 

In the Downs process, fused sodium chloride is electrolysed. The 
electrolysis cell is a rectangular iron tank lined with refractory 
earthenware. The anode is made of graphite, while the cathode 
consists of an iron cylinder surrounding the anode. An iron-gauze 
cylinder is placed between the anode and the cathode, to prevent 
the sodium from wandering into the neighbourhood of the chlorine. 
The cell is filled with fused sodium chloride, more of which is intro- 


duced as the electrolysis proceeds. The temperature of the elec- 
trolyte is maintained by the resistance it offers to the passage of the 
current. The sodium liberated at the cathode in the molten con- 


dition floats to the surface and runs off through a pipe. The 
chlorine set free at the anode is used immediately, or collected, 
liquefied, and stored in cylinders. 

Propertics.~A[\ the alkali-metals are soft. When scraped or 
cut with a. knife they show a bright silvery surface which rapidly 
tarnishes in the air. They are easily extruded as wire from a 
hand-press. On account of the rapidity with which they are 
attacked both by the oxygen and by the water-vapour of the air 
they are always kept under petroleum, but this does not prevent 
the formation of a film of oxide. In the air they can readily be 
burned, and in oxygen rubidium and caesium take fire spontaneously. 
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The metals combine with hydrogen, the halogens, sulphur, phos- 
phorus, and mercury, and lithium combines with nitrogen. 

All the alkali-metals react violently with water, forming hydrogen 
and the hydroxide, e.g. : 

2K4 2H20-2K0H-|-IT,t. 

The heat developed is enough to melt tlu* metal (except lithium), 
which runs about as a globule on the surface of the water, from 
which it is separated by a cushion of steam and hydrogen. Potas- 
sium, rubidium, and caesium grow hot enough to ignite the hydrogen, 
and explosions sometimes take place. All the metals are very 
powerful reducing agents, and their action has often to be moderated 
l)y the use of a solution in mercury, or amalgam. Freezing-point 
measurements on these solutions have shown the alkali-metals to 
be monatomic, and the vapour is also monatomic, though sodium 
vapour contains some Na.^ molecules: the vapour of sodium is 
violet, that of potassium green, and that of rubidium blue. The 
electrical conduct i\ity of the alkali-metals is exceeded only by that 
of copper, silver, and gold. 

Uses. — For some years the chief use of sodium was in the prepara- 
ti()n of aluminium, but aluminium is now invariabl}^ prepared by 
electrolysis. Sodium is at present used in the manufacture of sodium 
peroxide, of sodium cyanide for gold extraction, and of sodamide 
1(51* the explosives industry. It is also used in sodium lamps for 
street-lighting, and as a reducing agent in the manufacture of 
synthetic indigo. An alloy of sodium and j)otassium, liquid at 
ordinary tem]K.Tatures, is used in the photo-electric cells essential 
in the cinema as intermediaries between speech and the photographic 
* sound-track.’ The (dlicacy of such cells depends on the relatively 
low energy needed to release electrons from alkali-metals. 

Potassium is used in radio valves as a ‘ getter that is to say, 
a fragment of the metal, inserted bt-fore the valve is sealed off, 
improves the vacuum. The silvciing on the bulb is due to this 
cause. 

Hydrides. — Wlien the alkali-metals are heated in a stream of 
dry hydrogen, white crystals of the hydride are formed: the formula 
is MH, where M is an alkali-metal atom. The hydrides liberate 
from water twice as much hydrogen as they themselves contain, e.g. : 

LiM+HaO-LiOHFHg t • 

Lithium hydride therefore evolves one-quarter of its own weight 
of hydrogen, and it has been suggested that hydrogen should be 
transported in this way. They aJso react vigorously with the 
halogens, e.g.: 


KH-l-Cl,=KCl-fHCl 
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The electrolysis of fused lithium hydride yields lithium at the 
cathode and hydrogen at the anode. The hydrogen ion in the 
fused salt must therefore be negatively charged, and has two 
electrons in association with the proton. This is one of the few 
cases in which the existence of negatively-charged hydrogen can 
be proved; the high numerical values of the electrode potentials 
of the alkali-metals would lead one to expect that in their hydrides 
the alkali-metals would be positive and the hydrogen negative, 
and this is found to be correct. The hydrides show every indicr»tion 
of possessing an ionic nature ; they have the same crystalline structure 
as the halides and are insoluble in organic solvents. Hydrogen, m 
fact, in these compounds ])lavs the part of the halogen. 

Oxides. — The following tyj)f‘s of oxide are kru)wn: MoO, MoO^, 
MOy, and possibly All the alkali-metals except lithium 

combine with dry oxygen (unh'ss it is ‘ Baker '-dry, when no 
action at all takes place) a 1 room temperature: caesium and rubi- 
dium with incandescence. The oxides produced are IdgO, NagCL, 
KOg, RbO.^, and CsOg, so that Li^G is the only alkali-metal 
monoxule stable in air; the other alkali-metals will, however, form 
oxides of the type MgO if insufiicient oxygen for complete combus- 
tion is provided. Rubidium monoxide (Rb^O) is yellow and 
caesium monoxide orange; the other monoxides are white, but 
they darken on heating. Lithium monoxide can also be obtained 
by heating the carbonate; in this respect lithium is uni(iue among 
the alkali-metals: 

Li.^C0..^=-Li20-| CO.^ t • 

When heated in hydrogen the monoxides form the hydroxide and 
hydride: 

Li,0-1 Ho-LiOH-fLiH. 

All the alkali-metals, with the probable exception of lithium, form 
dioxides of the type MoOa, but sodium dioxide, usually called sodivtm 
peroxide, is the only important one. It is made on a large scale 
by passing S(;diiim on a conveyor through a tunnel at 300 °, to 
which a stream of air, freed from moisture and carbon dioxide, 
is also admitted; the sodium peroxide is removed at the other 
end. It is a pale yellow powder usually ])acked in metal tins, 
and is a powerful oxidizing agent. It is soluble in wat(‘r with 
evolution of heat ; 

Nap.,-1 2HoPi^2NaOH4 H./).,. 

It may be regarded as the disodium salt ol the excessivel 3 ^ weak 
acid hydrogen peroxide, and its solutions are consequently much 
hydrolysed in the sense of the equation above, behaving as though 
they were alkaline solutions of hydrogen peroxide Such solutions, 
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unless carefully freed from dust, are unstable and liberate oxygen, 
but do so only slowly at low temperatures; they are the best 
starting-point for the preparation ol pure hydrogen peroxide. 

Paper or other easily oxidizable matter readily inflames in 
contact with sodium peroxide, which must therefore be cautiouslv 
handled. Under the name of ‘ oxone ' it is used in submarines 
and other confined spaces for regenerating the air: 

2Nao0y-(-2C02“2NaX0. |- O 2 . 

It may also be used in the laboratory as a scniree of oxygen by 
treating it with water and allowing the temperature to risi'i 

2NaoOo+2lIoO-4NaOHH Og f , 

and as a powerful oxidizing agent for decomposing insoluble silicates 
before analysing them. 

The deep-yellow or orange sn])eroxides, MO., formc'd readily l)y 
potassium, rubidium, and caesium, contain the ion O2", which with 
its odd number ot (dectrons (17) confers magnetic properties on the 
super-oxides. The faint colour of technical sodium peroxide is due 
to the presence of small amounts of superoxidt\ NaOy. 

Hydroxides. — These compounds are of the type MOH; the 
hydroxides of sodium and potassium are of great importance and 
are produced 011 the large scale. 


PjCErARATION OF CaUSTIC SoDA. 


I. Electrolytic Methods . — Two principal types ot electrolytic 
processes are used in the manufacture of caustic soda, viz. : 


[a) Those in which the 
anode and cathode 
of the cell are 
separated by a dia- 
phragm. 

[h) Those in whicli a 
mercury cathode is 
used. 

In both types sodium 
chloride solution is the 
electrolyte. 



(a) The Nelson cell xt 

. ^ ^ tie III Nklson Ckll FOR TiiK Manufacture 

IS an improvement upon op c\.ustic Soda 

the older Hargreaves- 

Bird ceU. It consists of a U-shaped vessel made of compressed 
asbestos, and contains the anode, which is a rod of graphite. The 
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cathode consists of a steel net covering the outer surface of the 
asbestos walls, which constitute the diaphragm. The whole cell 
is enclosed in an outer case through which steam can be blown. 
The cell is supj)lied with brine, which is kept at a constant level bv 
a self-adjusting device. The brine gradually soaks through the 
asbestos, where it undergoes electrolysis. Hydrogen and a solution 
of caustic soda are produced at the cathode, while chlorine appears 
at the anode and is led off, dried, and compressed into cylinders. 
The caustic soda solution is run oil as required through a pipe in 
the outer case. 

Other cells of a similar kind are in use. 

(b) One of the earliest successful cells was the Casfner-Ki-llni'r, 
and this is still used in a modified form (Fig. 112). Saturated brine 

Saturated 



T out ^ 

Fig 112. Castner-Kellner Cell 

is fed into a large rectangular tank, along the slightly sloping floor of 
which a stream of mercury flows. The mercury is made the cathode, 
and a series of carbon plates forms the anode. The voltage used 
is about 120. On electrolysis, chlorine comes off at the anode, 
escapes through a pipe, and is used directly, or collected, dried, 
liquefied, and stored. At the cathode, the liberated sodium dis- 
solves in the mercury to form sodium amalgam This is run oh into 
a lower tank containing water, where the sodium reacts to form 
sodium hydroxide and hydrogen, and whence the mercury is re- 
circulated through the cell. The hydrogen is collected (generally 
for direct conversion into hydrogen chloride synthetically), and the 
solution of sodium hydroxide is evaporated as in the Gossage pro- 
cess. The spent brine leaving the cell is stirred up with more salt 
to saturate it again, and is then returned through the pipe shown 
on the right of the diagram. 

2. Preparation from Sodium Carbonate . — Gossage's method. In 
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this process, a lo-per-cent solution of sodium carbonate is boiled 
with lime: 


Na 2 C 03 +Ca( 0 H) 2 ^CaC 03 -f- 2 Na 0 FL 


The calcium carbonate is precipitated. As the action is reversible, 
the working conditions have to be carefully adjusted in order to 
gel the best yield. The solution of caustic soda is filtered off as 
soon as test portions treated with dilute hydrochloric acid give 
no carbon dioxide, thus showing that all the sodium carbonate 
has been decomposed. It is then concentrated in specially con- 
structed vacuum evaporators, heated by steam; the remaining 
whaler is driven off by heating in polished cast-iron soda-}:>ots. 
The temperature required to get rid of the last traces of water is 
above the melting-point of caustic soda; the latter is therefore 
l(Tt in the molten state and is run o:ff and cither sealed up in metal 
drums or cast into the slicks or pellets used in the laboratory. 

Expressed ionically, the action in Gossage’s process is: 

Ca( 0 H) 2 +C 03 V^CaC 03 + 20 IE. 


The solubility of calcium carbonate is much less than that of calcium 
hydroxide, so the reaction goes mainly from left to right. I'he 

' ^ ^ ^ fCaCOj,] [OH']‘2 1 • 

equilibrium-constant is ‘^nd since the con- 

centrations of the lime and calcium carbonate are a constant in 

rohi ^12 

their saturated solutions, mu.st now consider the 

effect oi dilution and temperature. In a solution which has 
reached equilibrium a reduction in the carbonate concentration 
in the ratio 2 : i will only require a reduction in the hydroxide 

[Ofr]2 . , ■ , 

concentration in the ratio V2 : i if the ratio - „ is to be kept 

[^ '-'3 J 

constant ; the efficiency of the process, which is represented by the 
fOH '1 

traction is therefore increased bv dilution. This means that 

the more dilute the sodium carbonate solution with which the lime 
is treated, the better the percentage yield of caustic soda. On the 
other hand it is uneconomic to work the plant with very dilute 
solutions, and as u.sual a compromise is adopted. The hi^at involved 
in the change is very small, so that temperature has no marked 
effect on the equilibrium; but since a rise in temperature makes 
the reaction go faster, and consequently increases the output of 
the plant, the solutions are kept boiling and are well stirred by 
blowing air through them. 

Caustic soda may be mack' by hi'afiiig a mixture of sodium car- 
bonate and iron ore (chiefly ferric oxide) in large cylinders, kept 
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slowly in rotation about their axis, which is horizontal, so that 
the mixture is in continual movement. The cylinders are heated 
by furnace f^ascs streaming through them; the products are sodium 
ferrite and carbon dioxide, which escapes: 

NagCOg+FegOji— zNaEeOg+COo t • 

The sodium ferrite is removed when cold and treated with water 
in settling-tanks, when it produces a solution of caustic soda and 
ferric oxide, which settles to the bottom: 

2NaFe02+H20=2Na0H+Fe203 1 . 

A disadvantage of the process is the expense of maintaining the 
plant, ior the cylinders require frequent renewal. 

Purification , — If required pure, sodium and potassium hydroxides 
are recrystallized from alcohol — in which the salts of these metals 
are only slightly soluble — and are then said to be ‘ pure by 
alcohol.' The commercial samples always contain carbonate, 
derived from the carbon dioxide of the air, and may contain iron 
from the evaporating vessels. For volumetric analysis carbonate- 
free caustic soda solutions can be made by dissolving sodium in 
water from which the dissolved gases have been removed; this 
must be done in an apparatus to which the air has no access. 

Properties . — The hydroxides of the alkali-metals are white solids, 
exceedingly soluble in water (except lithium hydroxide, which is 
moderately soluble); the solution is accompanied by liberation of 
heat. Lithium hydroxide is the only one from which the oxide 
can be obtained by heating, and a high temperature is necessary 
before any decomposition is observed: 

2Li0H=-Li20+H20 t. 

They are called * caustic alkalis.' The word alkali is derived 
from an Arabic word meaning ' the ash,' since the Arabian chemists 
were acquainted with the fact that a basic substance (chiefly 
potassium carbonate) is contained in wood-ash. It was extracted 
with water and obtained by evaporating the solution, from which 
impurities had been allowed to settle. The evaporation was carried 
out in pots: hence the name ‘ potash,' from which the word 
potassium is derived. 

The hvdroxides of all the alkali-metals are strong bases, fully 
dissociated in solution. Caustic soda and potash are commonly 
used in the laboratory when a source of hydroxyl ions is required, 
as in the precipitation of metallic hydroxides. They are also used 
for removing carbon dioxide from air or other gas mixture — 
potassium hydroxide is the more suitable for this purpose, since 
the bicarbonate produced in the reaction is more soluble than 
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sodium bicarbonate and therefore does not so easily choke the 
tubes of the apparatus : 

KOH+COj^KHCOg. 

The principal use of caustic soda in industry is the manufacture of 
soap from oils and fats; for soft soaps potash is used instead of 
soda. Caustic soda is also used in the preparation of the alizarin 
dyes, in the mercerization of cotton, and in the paper trade. It 
IS a good cleansing fluid for the removal of grease, with which it 
often forms a soluble soap; for this reason the solution feels slimy 
between the fingers from the soap produced from the natural 
grease. In biological laboratories caustic soda solution is used for 
removing the flesh from skeletons of specimens: the process takes 
place rapidly in the boiling liquid. Fused caustic alkalis attack glass. 

Although the alkaline hydroxides are regarded as typical strong 
bases, hydrogen can under certain circumstances be liberated from 
them by metals. Fused caustic potash dissolves potassium with 
the hberation of hydrogen: 

2K0HH-2K=2K,0+H, t , 

and aluminium is readily soluble in aqueous solutions of caustic 
soda, forming an aluminate and hydrogen: 

2A1+2H,0+20H'=2A102'+3H2 t . 

These are reactions in which the old definition of an acid as ' a 
substance containing hydrogen that can be replaced by a metal ' 
breaks down ; it is better to define an acid as ' a substance which 
3 delds hydrogen ions in solution.* 

Carbonates. — Sodium carbonate is now manufactured almost 
entirely by the ammonia-soda, or Solvay process. In this pro- 
cess sodium bicarbonate is precipi- 
tated from a mixed solution of sodium 
chloride and ammonium bicarbonate, 
since it is the least soluble salt present 
in the system : 

NaCl+NH 4 .HC 03 ^NH 4 Cl-f 
NaHCOg I . 

The mixed solution is prepared by 
saturating brine first with ammonia, 
then with carbon dioxide, and the pro- 
cess can only be successfully worked in 
such places as Cheshire where a cheap 
supply of brine is available. The 
brine trickles down a tower in which 
ammonia, which enters at the bottom, is made to stream through 
it by a series of serrated umbrella-shaped metal baffles called 


Ammonia 


Brine 



Fig. 1 13. Upper Part of 
Ammonia Absorber 
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'mushrooms/ so arranged as to divide the gas into a number of 
small streams of bubbles. The gas leaves at the top, while the 
liquid, which is a mixed solution of sodium chloride and ammonium 
hydroxide, passes out at the bottom. It is run through a number 
ot settling-tanks, in which impurities are deposited, and is then 
pumped into carbonators, where it is saturated with carbon dioxide. 
These differ in different factories, and may consist of either a tower 
or a series of smaller vessels. Heat is evolved in the reaction, and 
since a rise in temperature increases the solubility of sodium bicar- 
bonate, the carbonators are cooled by streams of water. The 
carbon dioxide is obtained by heating limestone in a kiln: 

CaC 03 =rCa 0 +C 0 ., f • 

The carbonators are so arranged that the solution leaving them 
has reached equilibrium and carries in suspension all the sodium 

bicarbonate that can be pre- 
cipitated from it It then 
passes to the filters, which are 
made of flannel stretched on 
cylindrical frames nearly half 
submerged in the solution 
and kept in slow rotation. 
A vacuum is maintained on 
the inside, and the bicar- 
bonate sticks to the flannel 
and IS removed by a scraper. 
When the filter becomes 
clogged after much use, it 
can be cleaned by blowing air 
through it from the inside. 

The sodium bicarbonate is heated in furnaces, and the sodium 
carbonate produced is packed in bags and sold. The carbon 
dioxide returns to the carbonators, after passing through a washer 
to recover any ammonia which may have been carried away with 
the bicarbonate, who.se decomposition is represented by the 
equation: 

2NaI-IC03-Na.,C03-bC02 f +H2O f . 

The filtrate consists chiefly of a solution of ammonium chloride, 
which must not be wasted; the ammonia is recovered from it by 
adding lime and heating with steam. The lime is derived from 
the lime-kilns, and the reaction is: 

NH/-bOH'=NH3 1 d H,0. 

The residue of the process, or ' spent liquor,' is a solution of cal- 
cium chloride, for which only a very limited market was formerly 
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available, but which now has many uses. The whole process is an 
excellent example of how economy is attained in manufacture by 
recovering the intermediate substances: for that reason a simplified 
' flow-sheet ' is shown (p. 444), on which the movements of the 
various substances through the plant are represented. The raw 
materials are sodium chloride and calcium carbonate, the product 
sodium carbonate, and the waste product calcium chloride. The net 
reaction can therefore be represented by the equation: 

2N aCl CaC03= N a2C03 -}- Ca(- 12, 

but small amounts of ammonia lost in the process have to be made 
good. The sodium carbonate made by this }:>rocess is about 
99 per cent pure, the chief im])urities being sodium chloiide and 
water. 

General Properties . — The carbonates of the alkali-metals arc 
white crystalline solids. Lithium carbonate differs from the 
others in being only slightly soluble and in liberating carbon 
dioxide on strong heating. Sodium carbonate forms several 
hydrates; washing soda is Na2r03.ioH20, and a hydrate, 
Na2C03.H20, is formed from washing soda in dry air by the loss 
of water. The anhydrous carbonate is used in making up solutions 
for volumetric analysis, and in gravimetric analysis insoluble 
substances are often fused with sodium carbonate (to which potas- 
sium nitrate is sometimes added to lower the melting-point), for 
tlie purpose of bringing them into solution. In industry, sodium 
carbonate is used in the manufacture of glass and paper, and for 
softening water: considcral>le quantities arc also used in the manu- 
facture of washing powders, wLich usually consist of an intimate 
mixture of sodium carbonate and soap, to which a bleaching agent 
such as a perborate is sometimes added. 

On account of the apparent weakness of carbonic acid [q^v.), 
solutions of carbonates have a pronounced alkaline reaction, 
produced by hydrolysis. 

Sodium bicarbonate, or sodium hydrogen carbonate, NallCOy, 
is a white solid, not very soluble in water, and is the direct product 
of the Solvay process. On heating, it liberates carbon dioxide: 

2NalIC03=Na2C03+C02 f +H2O f , 
and is therefore used as a constituent of baking-powder. Its 
solutions are nearly neutral, and the substance is used as a medicine ; 
the acid secretions of the stomach decompose it to form carbon 
dioxide. A solution of sodium bicarbonate is used to free carbon 
dioxide, prepared from marble and hydrochloric acid, from traces 
of the acid; sodium carbonate cannot be used, since its solutions 
absorb carbon dioxide: 

C03"-|-C02-bH,0=2HC03 . 




(Simplified 
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Potassium carbonate cannot be made by the Solvay process, 
because potassium bicarbonate is too easily soluble in water. The 
two principal sources of the salt are (a) carnallite from the Stassfurt 
deposits, and {h) beet-sugar molasses, which is mixed with lime, 
evaporated to dryness, charred, and extracted with water. 

In the carnallite process, the caniallite is first melted and then 
allowed to cool, when potassium chloride crystallizes out and is 
removed. A concentrated solution of the potassium chloride is 
made and this is mixed with hydrated magnesium carbonate. On 
passing a stream of carbon dioxide through the liquid a precipitate 
of a double salt, KHC03.MgC0;i.4n20, is obtained: 

3(MgC03.3H20)+2KCl+C02-2(KHCA.MgC03.4H,0)+MgCl,. 

This solid is removed and treated with magnesium oxide, when 
the hydrated magnesium carbonate is re-formed and potassium 
carbonate left in solution: 

2(KHC03.MgC034Hp) |-Mg0-3(MgC0,.3llA + K,C03. 

After filtration, the solution of potassium carbonate is evaporated 
to crystallization. 

Potassium carbonate is a white deliquescent solid which crystal- 
lizes with not more than two molecules of water of crystallization. 
It is sometimes used as a desiccating agent. ‘ Commercially 
pure ’ potassium carbonate is commonly known as pearl-ash. 

Chlorides. — The chlorides of the alkali-metals are white solids 
with the general formula MCI; they are soluble in water. All the 
halides of tlie alkali-metals have the sodium chloride structure, 
except the chloride, bromide, and iodide of caesium, which have a 
body-centred lattice. With the exception of lithium and perhaps 
sodium chloride, none of the alkali-metal chlorides forms hydrates. 
The solubility of sodium chloride in water is only slightly affected 
by change of temperature, whereas the other chlorides are all 
much more soluble in hot water than in cold. 

Sodium chloride, NaCl, common salt, or simply ‘ salt,' occurs 
in the sea and in enormous subterranean deposits in Austria (Salzburg 
means ‘ salt town '), Spain, Poland, Siberia, and other parts of 
the woild. In Great Britain the principal salt mines are in Cheshire 
and at Droitwich. The salt is now generally obtained from these 
mines by allowing water to penetrate into the galleries and pumping 
it out as brine when it is nearly saturated with salt. The proportion 
(jf sodium chloride in sea-water varies considerably in different 
parts. The Baltic and the Black Sea contain less than i j)er cent, 
the Atlantic Ocean rather more, the Dead Sea about q per cent, 
together with 9 per cent magnesium chloride, and the Salt Lake 
of Utah more stiU. Large quantities of sodium chloride are 
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extracted from sea-waler in either very cold or very sunny climates. 
In very cold countries such as Russia the water is removed by 
freezing, leaving concentrated brine from which the salt can be 
obtained by evaporation; in sunny climates, such as that of southern 
I'Vancc, the water is cvaj)orated by the sun’s heat. The predomi- 
nance of sodium chloride over potassium chloride in sea-water is 
partly due to the fact that the potassium salt is much more readily 
adsorbed into the soil. 

At To° a saturated solution contains 35 8 gm. salt per 100 gm. 
water. In the laboratory sodium chloride is purified by passing 
hydrogen chloride gas into a saturated solution; this precipitates 
m<jst of the salt and leaves the impurities in the solution. The 
action of the hydrogen chloride is twofold: in addition to the 
common ion effect on the solubility it withdraws water for 
the hydration of the liydrogen and chlorine ions. 

Salt is slightly hygroscopic, and has a tendency to form lumps. 
I'his is prevented in some table salts by the addition of small 
quantities of calcium phosphate, made by heating bones; salt 
treated in this way remains in fine giains and ‘ runs ’ better than 
the pure substance. 

Sodium chloride, and sodium nitrate from the South American 
caliche deposits, are the largest sources of sodium compounds. 
Sodium chloride is also used as a source of chlorine and hydrochloric 
acid. 

Potassium chloride, KCl, was formerly obtained from sea-water, 
but the chief source is now' the Stassfurt deposit in Germany, 
supposed to be the remains of an inland sea. Among other salts 
the stratified deposits contain an immense layer of carnallite, 
KCl.MgCl2.6H2O, from which potassium chloride of varying states 
of purity is prepared by a series of crystallizations and washings. 
In properties it resembles sodium chloride; it is less soluble than 
sodium chloride in cold water (31-0 gm. per 100 gm. water at 10°), 
but more soluble in hot water. 

Lithium chloride, LiCl, differs from the other alkali-metal chlorides 
in being quite soluble in such organic liquids as the lower alcohols, 
phenol, acetone, glycerol, and pyridine. Examination of these 
solutions by conductivity and other methods shows them to contain 
complex ions and probably undissociated molecules. On evapora- 
tion to dryness in air, an aqueous solution of lithium chloride leaves 
a slightly alkaline residue: 

LiCl-bH,O^LiOH-f HCl t , 

and this hydrolysis indicates that lithium hydroxide is perhaps not 
a completely dissociated base. This reaction does not take place 
with the other alkali-metal halides. 



GROUP I 


447 

Rubidium and Caesium chlorides, RbCl and CsCI. — These chlorides 
resemble those of sodium and i)otassium, but they have the remark- 
able property, possessed also by the bromide and iodide of these 
two elements, of forming additive compounds with the halogens, 
such as CsIClg and CslClBr. Caesium dichloriodide, CsIClg, is 
an orange salt obtained by treating caesium chloride solutions with 
iodine and chlorine. On heating, it decomposes into caesium 
('l)loride and iodine monocliloride, which appears to indicate that 
il IS a double salt of these substances with a formula CsCl.lCl, but 
it is now proved that it contains a complex anion, IClg', analogous 
to I3' (se^e pp. 200 and 757). 

Bromides. — These are white crystalline compounds of the general 
lormiila MBr, and can be prepared by the direct union of the 
elements. It is, h{)wev'er. more usual to dissolve bromine in a 
solution of the hydroxide, to evaporate to dryness, and then to 
heat strongly, sometimes with the addition of charcoal I'he 
changes which take place with caustic potash are: 

3Br,d ()KOH-=5KBr-} KBr 03 H- 3 H, 0 , 
2KBr03-2KBr+30., f , or KBr03-l-3C=KBr+3C0 f • 

The residue is then once more evaporated with hydrobromic acid 
to convert any unchanged caustic alkali to bromide. 

Potassium bromide is used as a soporific in medicine and in fairly 
large quantities in the preparation of silver bromide for photo- 
graphic purposes. 

Iodides. — These salts resemble the bromides, and can be prepared 
by a similar method, but the potassium iodide of commerce is 
made by neutralizing hydrogen iodide with potassium carbonate. 
The hydrogen iodide is prepared by the hydrolysis of a solution of 
ferrous iodide, obtained by shaking up iodine with iron filings and 
water. The solution is neutralized with potassium carbonate, 
filtered from ferrous hydroxide and concentrated until the 
potassium iodide crystallizes out. The chemical changes in this 
process are: 

Fe4 2l=^Fe' -f2r. 

Fe' +C03"-f H20-Fe(0H)2 ; -f CO, t • 

Potassium iodide prepared by this process sometimes contains 
carbonate as an impurity. 

All the alkali-metal iodides are extremely soluble. Even at 0° 
they all dissolve in less than their own weight of water, and they 
are also tairly soluble in some organic solvents, lithium iodide 
usually having the greatest solubility. Potassium iodide is much 
used in analysis. The yellow colour of solutions which have been 
* 1 ' 
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l('ft o])en to the air is due to the liberation of traces of iodine by 
oxygen and carbon dioxide; 

COo-1 H20~>HoC0a^>H'-| HCXV. 4r+02+4H*=2l2-t 2 H 2 O. 

Fluorides. — The fluorides of the alkali-metals arc prepared by 
treating the hydroxide or carbonate with hydrofluoric acid. Since 
hydrofluoric acid is not a very strong acid, solutions of fluorides 
have an alkaline reaction and contain the free acid; they therefore 
etch glass. Lithium fluoride is nearly insoluble in water and sodium 
fluoride is sparingly soluble. The addition of hydrogen fluoride 
to the solutions much increases the solubility; this is because acid 
salts sucli as NaliEg (‘ Fremy’s salts *) are formed wliich are more 
soluble than the normal salts. The acid fluorides ionize in solution 
into M' and HEo' the structure (»f Hl'o' see p. 367). On heating 
they decom])osc into the normal salt and hydrogen fluoride: 

KHEo^KF+HE j . 

Fluorine was first obtained by the electrolysis of potassium hydrogen 
fluoride dissolved in anhydrous liquid hydrogen fluoride (p. 26S). 

Potassium fluosili cate {or silica fluoride) , KgSiEg, is made from fluo- 
silicic acid, HgSiEg, and caustic potash, and is used in estimating 
potassium, as it is only very slightly soluble in water. 

Chlorates. — Potassium chlorate is prepared by the electrolysis 
of a warm, concentrated, and faintly acidified solution of potassium 
chloride, without a diaphragm. The total effect of the process is: 

Cr+3H20-C103'+3H2, 

but this result is achieved by distinct stages, only the first of which 
is electrochemical, as explained on p. 740. To obtain the maximum 
yield of chlorate from the quantity of electricity passed, wasteful 
release of gaseous oxygen at the anode must be avoided, and this 
electrode must be of platinum, which has a high oxygen over-voltage. 
Reduction at the cathode must also be prevented, by the presence in 
the electrolyte of small amounts of dissolved chromate or dichromate, 
which upon initial reduction form a protective film on the cathode. 

In another process chlorine is passed into hot lime : 

3CI2+6OH' ==5Cr T CIO3' H 3140, 

as above, and potassium chlorate is precipitated by adding excess 
of potassium chloride and cooling the solution with refrigerators. 
Since the solubility of potassium chlorate inc reases very rapidly 
with the temperature, the salt can without difficulty be purified 
by rerrystallization ; for this reason it is more often used than 
sodium chlorate. It is used in the dye industry as an oxidizing 
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agent, in the manufacture of matches and explosives, and as a 
disinfectant. In the laboratory it is the commonest source of 
oxygen gas. On heating, it first decomposes into potassium 
} 3 erchlorate, which then liberates all its oxygen ; 

4KC10.,=3KC104+KC1 and KCIO4-KCI+2O2 f • 

All the alkali-metal chlorates are soluble in water. Lithium 
chlorate is among the most soluble of all known salts: the solution 
saturated at room temperature has a density of i -8 and contains 
about seventy-five parts of the salt to twenty-five of water. 

Perchlorates. — The perchlorates, such as sodium perchlorate, 
NaC104, arc obtained by electrolysing chlorate solutions at normal 
tc'inperature. Potassium perchlorate is used in explosives, and is 
remarkable as being one of the few potassium salts nearly insoluble 
in cold water (i*o8 gm. per 100 gm. water at 10°). Potassium can 
be separated in this way from sodium: to decrease the solubility 
alcohol is added to the solution, which must be kept cold, as the salt 
IS very soluble in hot water. Lithium perchlorate was used by 
Richards and Willard in the determination of the atomic weights 
of lithium and chlorine from the reaction : 

LiCH- HC 104 =-LiC 104 + HCl f . 

Bromates. — The bromates of the alkali-metals are all soluble in 
water. The method of preparation from halogen and caustic 
alkali is similar to that of the iodates. On heating they liberate 
oxygen more easily than the chlorates: 

2KBr03— 2KBr-f-302 1 • 

Iodates. — Sodium iodatc, NalOg, accompanies sodium nitrate in 
South American caliche to the extent of about 0*3 per cent, and this 
compound is the source of most of the iodine of commerce. It 
accumulates in the mother hquors left from the crystallization of 
the sodium nitrate, and is directly converted to iodine without 
previous isolation (p. 748). Potassium iodate is obtained by re- 
crystallization from caustic potash to which iodine has been added : 

6 KOH + 312= KIO3+5KI + 3H2O. 

It is a salt which can easily be obtained in a high degree of purity, 
and is increasingly used in volumetric analysis. The fusion of 
pure potassium iodate is one of the best methods of preparing 
potassium iodide free from alkali. 

Nitrates. — Sodium nitrate, NaNOg, occurs in immense deposits 
in desert areas of Chile and Peru, and until recent years was prac- 
tically the only source of combined nitrogen for chemical manures, 
with the exception of some ammonium nitrate from the gas-works. 
The supremacy of the Chile nitrate industry is now seriously 
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threatened by the development of methods of ' fixing ' the nitrogen 
of the air, i.e. causing it to combine either with hydrogen or oxygen. 
South American crude sodium nitrate is called caliche or ‘ Chile 
saltpetre.’ 

The caliche is broken up, brought into solution by boiling with 
water, and recrystallized; the product contains about 95 per cent 
of sodium nitrate and is shipped in bags. About 80 per cent of 
the production (which reaches nearly three million tons per annum) 
IS applied directly to the soil as a fertilizer; some three-quarters of 
the remainder is used for making nitric acid, and most of the residue 
for making potassium nitrate. 

Potassium nitrate is made by boiling mixed saturated solutions 
of sodium nitrate and potassium chloride. At this temperature 
sodium chloride is much less soluble than potassium chloride, and 
is consequently deposited, leaving potassium nitrate in solution: 

NaNOg+KCl^NaCl | -f KNO3. 

Potassium nitrate is also a product of the bacterial oxidation of 
decayed animal refuse in the presence of wood-ashes, which contain 
potassium carbonate, and potassium nitrate produced in this 
way is extracted from the soil of India and Ceylon. It is used 
in the manufacture of gunpowder and fireworks, for which the 
hygroscopic nature of sodium nitrate makes it unsuitable. 

On strong heating, the nitrates of the alkali-metals lose oxygen 
and are converted to nitrites: 

2NaN03^2NaN0,+02 1 • 

The solids are occasionally used as oxidizing agents. 

Nitrites. — Sodium nitrite, NaNO^, is prepared on the large scale 
by the action of synthetic oxides of nitrogen (p. 411) on caustic 
soda. It can also be prepared, as above, by heating sodium nitrate. 
It is used in the diazotization of amines for the manufacture of 
dyestuffs. 

Nitrides. — Lithium is the only alkali-metal to form a nitride by 
combination with ordinary nitrogen; in this as in other respects it 
resembles magnesium. The nitride is made by heating lithium 
in nitrogen: 

6Li4-N2=2Li3N, 

and is decomposed by water to form lithium hydroxide and 
ammonia: 

LigN + 4 H„ 0 =3LiOH -h N H 4OH. 

Phosphates. — The phosphates of the alkali-metals, except Lithium 
phosphate, Li3P04, are soluble in water, and can be prepared by the 
action of phosplioric acid on the hydroxide or carbonate. By 
varying the proportion of acid to base, trisodium phosphate, 



GROUP I 


451 

Na3P04.i2H20, disodium hydrogen phosphate, Na2HP04.i2H20, and 
sodium dihydrogen phosphate, NaH2p04.H20, can all be obtained. 
The ionization of soluble phosphates and the behaviour of hydrogen 
phosphates on heating are discussed on p. 629. Sodium ammonium 
hydrogen phosphate, NaNH4HP04, once called ‘ microscon lic salt ' 
because it is found in the unne of man, the ‘ microcosm,' is made 
from disodium hydrogen phosphate and ammonium chloride, and 
yields sodium inctaphosphate and ammonia on heating: 

NaNH4HP04=NaP03+NH3 f +H2O f. 

Sulphates. — Sodium sulphate, or salt-cake, Na2S04, was formerly 
obtained in the now obsolete Leblanc process for the manufacture 
of sodium carbonate. The use of sodium sulphate for making glass, 
in place of the sodium carbonate previously used, gave much-needed 
support to the Leblanc process, and the first part of this process — 
the manufacture of sodium sulphate — continues to be worked 
even now that the Solvay process has driven Leblanc soda from 
the market. It consists in heating salt with concentrated sulphuric 
acid in conditions that give the bisulphatc, and then heating the 
b 1 sill ])h ate and unchanged salt on the hearth of a reverberatory 
turn ace, when 

NaUS 04 +NaCl-Na 2 S 04 T HCl f . 

The solubiliti’ of sodium sulphate and its hydrates has already 
been dealt witli in Chapter IV (p. 130). The decahydrate, 
I\a2S04.ioH20, is known as GLAimER's salt, and is used as a 
purgative. Potassium sulphate crystallizes anhydrous; it is used 
a.s a fertilizer. 

When sodium salts are heated with concentrated sulphuric acid, 
sodium bisulphate, or (better) sodium hydrogen sulphate, is the 
first product: 

NaCl-t-H.>S04- NaHS04+HCl t . 

On further heating, some decomposes into the normal sulphate and 
suljihuric acid: 

2 NaPIS 04 -Na 2 S 04 +Il 2 S 04 f , 

while some loses water to form sodium pyrosulphate: 

2 NaHS 04 --Na 2 S 207 +H 20 t. 

Sodium hydrogen sulphate in solution gives rise to the ions Na‘, H*, 
SO4", and some HSO4' : its solutions have therefore an acid reaction. 

Sulphites. — Sodium sulphite, Na2S03.7H20, is made on the large 
scale by the action of sulphur dioxide on caustic soda, and undtT 
the name of ‘ antichlor ' is used for removing chlorine from sub- 
stances which have been chlorine-bleached : 

S03"+Cl2+H20-S04"-|-2HC1. 
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By the continued action of sulphur dioxide, caustic soda is converted 
to sodium hydrogen sulphite (' sodium bisulphite '), NaHSOg! 
OH'+SO-^-HSOg'. 

Thiosulphates. — Sodium thiosulphate, N a 2S2O3.5H2O, wrongly 
called ‘ sodium hyposulphite * (whence the photographers' name 
' hypo '), is made from the still unexhausted waste of the Leblanc 
process, which contains calcium sulphide, by exposing it to the air, 
whereby the sulphide is oxidized to thiosulphate. The mass is 
then extracted with water and sodium carbonate is added to the 
solution ; calcium carbonate is precipitated and sodium thiosulphate 
remains in solution: 

CaS 203 +Na. 2 C 03 =CaC 03 ^l. +Na 2 S 203 . 

Sodium thiosulphate is a reducing agent used in the volumetric 
analysis of iodine (p. 6gi), and, like sodium sulphite, to remove 
chlorine from bleached goods: 

S203"+4Cl2+5H20--2S04"+8Cr-f-ioH‘. 

Its use in photography depends on its power of dissolving silver salts 
insoluble in water: silver forms a complex ion, AgS^O^', as follows: 
AgCl+S203^=AgS203'+Cr. 

Sulphides. — Sodium sulphide, Na2S.9H20, is made on the large 
scale for use in the dye industry by heating a mixture of sodium 
sulphate and coal, and extracting the product with water: 
Na 2 S 04 -|“ 4 ^^^^^ 2 ^”f' 4 ^^ • 

The crystals cannot be dehydrated without decomposition, as 
hydrogen sulphide is a weak acid, and hydrolysis takes place: 
Na2S+2H20=2Na01I+H2S t ■ 

The anhydrous compound can be made by the union of the elements. 

The hydrolysis of sulphide solutions proceeds to such an extent 
that most of the sulphide ions are converted to hydrosulphide ions : 

S"+HVHS'; 

the solutions have consequently a strong alkaline reaction. They 
can also be prepared by passing hydrogen sulphide into caustic soda: 
H2S+0H'=HS'+H20. 

The pure hydrosulphides of the alkali-metals can be made by 
passing hydrogen sulphide into alcohol in which the alkali-metal 
has been dissolved : 

2C.,H5.0H+2Na-2C2H5.0Na+H2 t • 

HjS+CjHB.ONa^NaHS j +C2H6.OH. 

The hydrosulphide is precipitated as a colourless powder. 

All sulphide solutions will dissolve sulphur to form polysulphides 

(p. 677)- 
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Cyanides. — Large quantities of sodium and potassium cyanides 
are used in electroplating and in the extraction of gold. The 
cyanide gold-extraction process was introduced by M'Arthur and 
Forrest in 1887, and the demand for cyanide occasioned by it 
created the sodium industry, since sodium cyanide is usually made 
from metallic sodium. The two most important processes are: 

(i) Sodium ferrocyanide is fused with sodium in covered iron 
crucibles, and the mass is filtered, while still molten, from the 
iron produced; 

Na4Fe(CN),j+2Na-6NaCN-f Fe. 

(ii) Wood charcoal and sodium are treated with dry ammonia 
at 600°, and the product is then heated to 800°. The net 
result is expressed by the equation: 

2Na+2C -h2Mll3=^2NaCN+3lL t • 

All cyanides are highly poisonous. Hydrogen cyanide is a weak 
acid, and all cyanide solutions are hydrolysed and have an alkaline 
reaction; the moist salts smell of hydrogen cyanide. The killing- 
bottles used by butterfly collectors contain solid potassium cyanide, 
and the hydrogen cyanide vapour produced bv the moisture of 
the air inside the bottle is enough to kill any capti\'es. 

In the laboratory, sodium cyanide is largely used in the produc- 
tion of complex ions wdth various metals, such as copper, gold, or 
nickel. Its industrial uses are also based on this property. It is 
also used as a reducing agent, as the change from cyanide to cyanate 
takes place easily: 

CN'd 0-0CN^ 

Thiocyanates. — These compounds are made by heating the 
alkali-metal cyanide with sulphur, e.g.: 

KCN+S-KSCN. 

In commerce, thiocyanates are all made from ammonium thio- 
cyanate, which is a by-product of coal-gas manufacture. The 
alkali-metal thiocyanates are colourless compounds soluble in 
water; in the laboratory they are used in volumetric analvsis. 

Other compounds of sodium and })otassium are described in later 
chapters: sec the Index. 

Detection and Analysis. — The alkali-metals are detected by the 
colours which their salts — preferably the chlorides— give to the 
non-luminous flame of the Bunsen burner: lithium, red; sodium, 
yellow; potassium, violet; rubidium, red; caesium, blue. The 
deduction must be confirmed by negative tests for other metals. 

The complete separation of the alkali-metals is a matter of great 
difficulty, on account of their very similar properties and the 
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scarcity of insoluble salts. Lithium can be separated from the 
others by the solubility of its chloride in orf:;aTiic solvents or the 
insolubility of the fluoridc', carbonate, or phosj)hate in water. 
Potassium can b(st be freed from sodium by juecipitating it as 
the fluosilicatc or the chlorojilatinate, KoEtCl,;, or by recrystal- 
lizing the perchlorate. Rubidium and caesium are separated from 
the other alkali-metals and from each other by the silicomolybdate 
process already described. 

The alkah-inetals can be weighed as sulphates, but they are 
more often analysed volunietrically in solutions of their chlorides 
or carbonates. 


Subgroup B 
Copper, Silver, Gold 


I'he table shows some fundamental physical properties: 



Cu 


An 

AtoTTUC NninbLT 

2C) 


79 

Atornic Weight 


107*880 

197 0 

Density of Melal 

«-<>5 

3 

19-3 

Atomic Volume 

7-1 

10 ^ 

10*2 

Melting-point 




Standard Potential (volts) 

(Cii— Cir) 
H-o-^j (Cu-^Cii-) 

-f-o-8o 

-hl' 0‘8 (All 'Au') 


Copper, silver, and gold <ire noble metals, eminently malleable 
and ductile, with high melting-points, and resemble the alkali- 
metals only in their power of forming salts in which they arc 
univalent. In most other respects they are widely dillcrent. They 
are the best three conductors of electricity, and on account of 
their permanence are also very widely used in coinage and in 
electroplating. 

The principal valencies are: 

Copper: one (unstable), and two (stable). 

Silver: one, and two (unstable). 

Gold: one, and three (stable only in complexes). 

The univalent ions of all these elements are probably colourless; 
the hydrated cupric ion is blue, and the auric ion scarcely has any 
independent existence. In its bivalent compounds copper bears 
some resemblance to its neighbours on either side — nickel and zinc — 
particularly in its tendency to form complexes, a tendency that 
decreases in the order cobalt, nickel, copper, zinc. 

Copper, silver, and gold all form stable complex ions with 
ammonia, cyanides, and chlorides, though the silver chloride 
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complex is a good deal less stable than the others. The mono- 
chloride, monobromide, and monoiodide of copper, silver, and gold 
are all insoluble in water. 


Copper 

Cu=63'54. Atomic Number, 29 

History. — The extraction of copper from its ores was one of the 
principal triumphs of early civilization. So far as our information 
goes, this important metallurgical operation was first carried out 
m Egypt, for the oldest known copper objects (needles and rivet- 
like pins) were discovered in pre-dynastic tombs in that country, 
dating from the fifth millennium before Christ. By the time of 
the New Empire (3000“2550 b.c.) the extraction of clipper had 
become a regular industry, and a few centuries later an Egyptian 
poet wrote thus of a coppersmith: 

1 i>aiv the smith at hts work. 

Standing before the vent oj hts oven 
Hts fingers were like crocodtle-skm. 

He stank xvorse than fish-roe 

In Sumer and in Asia Minor, knowledge of the simple metallurgy 
of copper was widespread four thousand years before the Christian 
era, while copper weapons and toilet articles belonging to the 
Early Minoan Age (300a-2000 b.c.) have been excavated at the 
palace of Knossos, in Crete. 

Greeks and Romans of the classical age obtained copper largely 
from the island of Cyprus, whence the name aes Cyprium, or ' brass 
of Cyprus,' modified later into simple cuprum. Bronze was 
probably a later discovery than copper, and was doubtless acci- 
dentally produced by the unobserved presence of tin ore in the 
copper ore. When, however, its composition was elucidated, it 
w'as prepared deliberately and was usually preferred to copper on 
account of its greater hardness and greater resistance to corrosion. 
Innally it so far displaced pure copper as to give its name to the 
Bronze Age of civilization. 

Occurrence. — In small quantities, copper is almost universally 
distributed m nature; thus it exists in traces in most soils and 
foodstuffs, in human blood, and even in seaweed. Native copper 
occurs in many districts, particularly near Lake Superior, where 
boulders w^cighing over four hundred tons have been discovered. 
The principal ores ot copper are: cuprite or ‘ red copper ore,' 
CugO; chalcopyrite or copper pyrites, CuFeS^; copper glance or 
chalcocite, CugS; atacamite, a basic chloride, CuCl.,.3Cu(OH)2; 
malachite, a basic carbonate, Cu(0H)2.CuC03; azurite, a different 
basic carbonate, Cu(OH).2.2CuCO^; and chrysocolla, the silicate. 
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CuSiOg.aHgO. The chief copper-producing regions are: United 
States, Chile, Japan, Mexico, Rhodesia, Canada, Belgian Congo, 
Peru, Spain, Portugal, Germany. 

Extraction. — A. Oxide and carbonate ores are mixed with a 
flux and powdered coke and reduced in a reverberatory furnace: 

CugO+C— 2Cu fCO. 

B. Bv far the greater portion of the metal is, however, extracted 
from sulphuretted ' ores, and the treatment is considerably more 
complicated. Typical procedure is as follows: 

(1) The ore is first crushed and then concentrated by differential 
oil flotation, which eliminates the silica and much of the iron, and 
leaves a ‘ concentrate ' rich in cop])er. This method has largely 
replaced the older concentration by levigation. 

(2) The concentrates are then roasted, to remove arsenic and 
antimony, which are almost always present in the sulphuretted 
ores. A good deal of the sulphur is removed at the same time. 

(3) The roasted ore is next smelted in a furnace, forming a 
mixture of cuprous sulphide and ferrous sulphide: 

2CuFeS2H 02=Cu2S+2FeS-l-S02. 

This mixture is known as ‘ copper-matte or ‘ coarse-metal.' 

(4) The matte is again smelted, this time with coke and sand 
(or some other siliceous flux), in a reverberatory furnace, when the 
silica carries off the iron as a fusible slag of iron silicate. The 
irnp)ure cuprous sulphide that remains as a fused mass beneath 
the slag is known as ‘ blue-metal,' ' pimple-metal,’ or ‘ fine-metal,' 
according to the amount of iron left in it. ‘ Blue-metal ’ and 
' pimple-metal are subjected to a further smelting, to bring them 
up to the purity of ' fine-metal ’ (about 75 per cent Cu). 

(5) The ' fine-metal ' is heated on the hearth of a reverberatory 
furnace with free access of air, or in a Pierci: and Smith basic 
converter lined with magnesite, through which hot air can be 
blown. Part of the cuprous sulphide is converted into cuprous 
oxide, which then reacts with the remainder of the sulphide to 
form copper and sulphur dioxide: 

2Cii.2S-1-302=2Cu.^0+2S02. 

2 C u.^O -h Cu^S ~ 6Cu 1 - SO2. 

As the mass of copper cools it gives up the sulphur dioxide that 
was dissolved (or contained) in it; the formation of these bubbles of 
gas in the copper makes the latter appear to be covered with 
blisters and it is therefore called ' blister-copper.' It contains about 
95-97 per cent Cu. 

(6) The blister-copper still contains some 3 to 5 per cent of sulphur. 
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iron, arsenic, antimony, lead, and other impurities, as well as a 
little silver and gold — which are often present in sufficient quantity 
to be worth extracting (see next paragraph). It is run off from 
the hearth or converter while still molten, and is cast into blocks 
to serve as anodes for the electrolytic refining process. If the 
copper is not to be refined, it is melted in a furnace, and stirred up 
with iron stirrers while a blast of hot air is blown over the surface. 
In this way, most of the impurities are converted into a slag, which 
rises to the lop and may be skimmed off. To reconvert into copper 
the cuprous oxide formed in the process (up to 6 per cent), the 
molten metal is again stirred, this time with poles of green wood 
(' poling '). ' Poling * is a tricky operation and calls for con- 
siderable experience and skill, since if it is continued too long the 
copper absorbs gases and becomes porous and brittle, while if it is 
not continued long enough the impurities are not sufficiently 
removed. Properly ‘ poled ’ copper may be used for conversion 
into tubes, etc., but as formerly produced was not pure enough for 
electrical work. The product of a new process for the treatment 
of Rhodesian copper can however compete with electrolytically 
refined metal. 

(7) Electrolytic Refining . — The blocks of blister-copper are made 
anodes in electrolytic cells containing an electrolyte of copper sul- 
phate solution acidified with about 12-15 per cent of sulphuric acid. 
The cathodes are thin sheets of pure copper, and the cell is main- 
tained at a temperature of approximately 50°; the electrolyte is 
kept in constant but steady motion, to ensure uniformity of con- 
centration. The theory of the process is discussed on p. 266. 

C. The so-called ‘ hydrometallurgical process ' is widely used 
for extracting copjxjr from low-grade ores, of which vast supplies 
are available in Spain and other countries. The crushed ore is 
piled into enormous heaps — running into millions of tons — and is 
allowed to weather in the presence of water; if the rainfall is in- 
sufficient, water is added artificially. After a period of some 
twelve months, the copper will have become converted into copper 
sulphate, which remains in solution. The solution is run off into 
concrete pans and the copper is precipitated by addition of scrap 
iron. The crude copper so obtained is refined as in method B above. 

Note. — The almost complete elimination of impurities from 
copper is exceedingly important if it is to be used for electrical 
purposes, since the electrical conductivity is much reduced by 
traces of foreign substances ; thus 0-02 per cent of phosphorus reduces 
it by 30 per cent. As a matter of fact, the best copper manufactured 
to-day is so pure that its conductivity is over 100 per cent! — a 
paradox to be explained by the fact that, at the time the standard 
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was made, the purest copper obtainable was distinctly less pure 
than the best specimens now on the market. 

Uses and Alloys. — Copper is used in very large quantities in the 
electrical industry, in coinage, in electroplating, in the manufacture 
of kettles, pans, and other domestic appliances, and in the manu- 
facture of a wide series of important alloys. 


Alloy 

Bell -metal 

Bra«»s 

Bronze 

Delta metal 

German silver 

Monel metal 

Pliosphor-bronze 

Constant an 

Manganin 

Aluminium bronze 

Former British ‘silver’ coinage 


A p proximate Composition {per 
cent hy weight) 

8 0 Cu. 20 Sti 
70-80 Cu, 30-20 Zn 
80-90 Cu, 20 TO Sn 

55 00 Cu, 41-38 Zn, 4-2 h'e 

bo ( u, 20 Ni, 20 Zn 

27 Cu, 68 Ni, 2-3 he, Mri, etc . tiacos 

99 3 Bronze . o 5 F 

60 Cu, 40 Ni 

81 Cu. 17 Mil, 2 Ni 

88 Cu, 8 AI, 4 Mn and Fe 
40 Cu, 50 Ag, 5 Ni, 5 Zn 


Properties,— Copper is a rosy-pink metal, very malleable and 
ductile. Its technical importance is due to its high electrical 
conductivity, in which it is only slightly surpassed by silver; to 
the ease wiih which it can be manipulated, and to its resistance to 
corrosion, particularly when suitably alloyed with other metals. 
Freezing-point measurements on copper amalgams show the copper 
contained in them to be monatomic. The vapour is green and 
probably monatomic. 

Copper is stable in dry air at ordinary temperatures, but in 
moist air it is slowly converted to verdigris, a basic carbonate, 
whose green colour is so familiar on bronze monuments and on 
copper roofs. For reasons which will be explained, copjier dissolves 
slightly in water containing traces of ammonium salts or chlorides, 
and can often be detected in water distilled in a copper still; it is 
on account of this solubility that ships are usually sheathed not 
with pure copper but with brass. 

Copper wall not liberate hydrogen from acids in normal circum- 
stances, and will dissolve only in oxidizing acids and those in 
which it can form complex ions. It reacts vigorously with nitric 
acid, dilute or concentrated, to form nitric oxide and nitrogen 
peroxide : 

3 Cu-|- 8 HN 03 = 3 Cu(N 03 )ji-f 4H20H-2N0 f 
Cu4-4HN03=Cu{N03).,-f 2 HX)-f 2 NO 3 f . 

and with hot concentrated sulphuric acid (the dilute acid has no 
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action) to form sulphur dioxide and a mixture of copper sulphate 
and copper sulphides. The black colour of the liquid is due to the 
presence of cuprous sulphide. Copper will also dissolve very slowly 
in hot concentrated hydrochloric acid containing dissolved air; 
chloric acid, on the other hand, dissolves it with rapidity. It will 
also dissolve in aqueous ammonia in a current of air. 

The Equilibkium between Cobpeh and Copper Ions. — Copper 
IS one of the noble metals, and is slowly deposited from solutions 
containing cu])ric ions when liydrogen is bubbled through tliem; 
for this reason it wall not dissoh^e in acid solutions unless the anion 
is an oxidizing agent. The standard electrode potentials of the 
changes Cu->Cu" and Cu-^Cu‘ are, respectively, +0*34 and +0-52 
volts; while the change Cu”— -Cii' has a standard potential of — o-ib 
volts (see p. 25<)). The afftnily of the change from cay)ric' to cuprous 
10ns is tlnis iK'gative unle.ss the cuprous ion concentration is ex- 
ct'edingly small. Consequently the reversible change Cu'-^Cu” 
-\ electron usually goes to fhe right, but if the cuprous ion concen- 
tration IS very small it will move to the left. The nature of the 
anion is the controlling factor; in the presence of reducing agents 
cupric salt will be unstable if any anion is present which forms 
(i) an insoluble cuprous salt or (2) a verv stable complex (Tq^rous 
ion, since in either case the cuprous ion concentration will be 
reduced to a ^'erv^ low figure. Cujirous salts can therefore only 
exist ill contact with w\ater if thtw are (‘ither insoluble or combined 
in a complex, and this is am])lv borne out by expericaice. Moreover, 
the affinity of the change (.'u ‘ +Cu— 2Cu* is negative at ordinary 
concentrations, so that cuprous salts can bt‘ made from cupric 
solutions and metallic copper only if the cu]:>rous ion concentration 
is reduced by insolubility or complex formation. These considera- 
tions indicate that it is easier to oxidize copper to the cupric state 
than to the cuprous state in aqueous conditions. 

Somewhat similar considerations apply to the univalent salts 
of both gold and silver. I'he more easily the anion is discharged, 
the greater will be the tendency for the metal ion to be deposited 
as metal. The jKitcntial values given on ]). 254 show that the 
reaction Ag*^I~= Ag-|-I tends to move to the right, i.e. silver ion 
spontaneously oxidizes iodide ion. Thus silver iodide is only saved 
from deconqiosition by its extreme insolubility in water. In this 
connection it is of interest to note that silver iodide below 146'' 
possesses a covalent, non-ionic crystal structure similar to that of 
the cuprous halides. Above 146° the crystal has marked electrolytic 
conductivity, the current carriers being exclusively silver ions. The 
electrode ]:)otcntial of gold is much greater than that of silver, 
and aurous iodide is deconqiosed by warm water into gold and 
iodine. 
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The insolubility of the monochlorides, bromides, and iodides of 
copper, silver, and gold is therefore highly significant; in more 
concentrated solutions these compounds could not exist. 

Complex Copper Ions. — Copper is remarkable for the ease with 
which it forms a number of stable complex ions. In this respect 
it resembles its neighbours nickel and cobalt, and, to a less degree, 
zinc. Since the complexes play a very important part in the 
chemistry of copper solutions, it will be well to consider them 
together. 

Cupric Ion Complexes . — The formula w^eight of copper sulphate 
in solution, as determined by freezing-point measurements, is 
abnormally high, while the transport numbers vary considerably 
with the concentration. Roth these observations indicate the 
formation of complex(*s containing copper and sulphate ions 
combined in proportions at present unknown. Solutions of cupiic 
chloride have been more fully investigated and show a similar 
type of auto-complex formation. Th(‘ copper may actually have 
a negative transport number (p. 202) in concentrated solutions, 
and the colour of the solution also depends on the concentration — 
dilute solutions are blue, concentrated solutions green. It is 
therefore supposed that solutions of cu]:)ric chloride contain both 
undissociated molecules and also complex ions, probably CUCI4", 
and that the complex ions or the molecules are yellow, while the 
simple ions are blue; the green colour of concentrated solutions is 
then due to the presence of both blue and yellow forms. The 
continued addition of hydrochloric acid, which increases the 
chloride ion concentration and hence reduces the proportion of 
simple cu})ric ions, should therefore turn the blue solutions green, 
and finally yellow, as in fact occurs. 

There can be little doubt that this simple explanation is incom- 
plete, for the number of molecules of water associated with the 
various ions almost certainly affects the colour. The effect of 
hydrogen chloride may be due as much to its power of removing 
water for its own hydration, and hence increasing the effective 
concentration of the solution, as to the mass-action effect of its 
chloride ions. Thus the green and blue colours have been attributed 
to cupric ions — or even cupric chloride molecules — in different 
states of hydration. This hypothesis alone is, however, incapable 
of explaining the existence of negative transport numbers, and it 
is probable that both complex-formation and hydration come into 
play to an extent which has not yet been exactly determined. The 
student should compare this behaviour with the stiU more striking 
case of cobalt chloride. 

When ammonia is added to a solution containing cupric ions, 
the precipitate of cupric hydroxide at first produced readily dis- 
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solves in excess of ammonia with the formation of the familiar 
splendid deep blue solution. This solution contains (Cu.4NH3)‘* 
ions, as has been shown by distribution measurements of ammonia 
between cupric solutions and organic solvents, but in the presence 
of a large excess of ammonia, ions containing a larger proportion of 
it may be produced. It requires less than four gram-molecules of 
ammonia to dissolve one gram-molecule of cupric hydroxide, and it 
has been shown that in tlie presence of excess of cupric hydroxide 
some of it is present in coUoidal solution. There is also some 
evidence for the existence of (CU.2NH3)** ions under these conditions. 

Some of these blue solutions will dissolve cellulose (e.g. cotton or 
filter-paper), first oxidizing it to oxycellulose — a property that has 
been made use of in a process for the manufacture of cuprammonium 
rayon. The cellulose is ])rccipitatcd by squirting the solution 
through fine holes into a weakly acid bath, and the thin threads, as 
they issue from the holes, are twisted together while still in the bath, 
sixteen or twenty-four at a time, to make a ‘ silk * thread. 

Cupric ions also form complexes with numerous hydroxyl-con- 
taining organic substances. Thus a cupric solution will give no 
] Precipitate with caustic soda containing a tartrate (sodium potas- 
sium tartrate, which has a neutral reaction, is commonly used), the 
solution merely becoming deep blue. The solution thus prepared 
is called Feh ling's solution, used as a test for organic reducing 
agents and in the estimation of reducing sugars. Cuprous ions do 
not form these organic complexes, so that if Fehling's solution is 
reduced, cuprous oxide is produced as a red precipitate, but the 
cupric ion must be held in solution as a complex or it would itself 
be precipitated by the alkali. The complex ion has a double 
negative charge and is probably ' chelate ' (p. 350) with the structure : 


CO OC — O OH— CH— HCOH 

\ b:" 

Cu 

\ 

OHCH— CH -011 O CO OC— O- 


Cuproits Ton Complexes. — ^The scarcely soluble salt cuprous 
chloride, CuCl, dissolves very much better in chloride solutions 
than in water, and solubihty measurements show that the formulae 
of the complexes formed are CuClg' and CuClg'. Cuprous chloride 



462 THEORETICAL AND INORGANIC CHEMISTRY 


is usually dissolved either in hydrochloric acid or in ammonia, with 
which the cuprous ions form a complex. The most important 
complex cuprous ion is perhaps the cuprocyanide, Cu(CN)3", which 
is remarkable for its extreme stability, the equililjrium-constant 

ftu^C'Np'l being about 5x10“^^ If a cyanide is added to a 

solution containing cupric ions cyanogen is evolved and cuprous 
cyanide precipitated, unless there is a sufficient excess of cyanide 
to dissolve it : 


2 Cu *-|-4CN'- C2N, t +2 CuCN j . CuCN + 2CN' --Cu(CN)3 '. 

By the addition of cyanides cupric ions can without difficulty be 
removed from their ammonia complexes. 

The extremely low concentration of copper ions in equilibrium 
with cyanides makes it possible to dissolve the metal in hyflrogen 
cyanide solutions; if they are hot, hydrogen is briskly evolved; 

2Cu+2ir->2Cu*+H2 1 followed by Cu*+3CN'-^Cu(CN)3". 

The remarkable nature of this experiment will be appreciated when 
it is remembered that copper is a noble metal which will not liberate 
hydrogen from strong acids, and that the hydrogen ion concentra- 
tion of hydrogen cyanide solutions is very small, on account of the 
weakness of hydrogen cyanide (dissociation-constant 7X lo-^®). In 
order to give a positive affinity to the change 2Cu-(-2H‘->2Cu'+H2, 
the concentration of cupirous ion must be reduced to an exceedingly 
low figure, and this can be done by adding cyanides in considerable 
excess. For the same reason copper will deposit zinc from cyanide 
solutions, and if a large excess of cyanide is added to the electrolyte 
of a Daniell cell the direction of the E.M.F. is reversed. 

In spite of its very low solubility, cuprous sulphide cannot be 
precipitated from copp)er solutions containing excess of cyanide. 
'I'his fact is used in the separation of copper and cadmium, for 
cadmium sulpffiide can be quantitatively precipitated from such 
solutions with ammonia and ammonium sulphide. 

Electroplating with copper is usually carried out in a bath 
containing the cyanide complex, with the object, as explained on 
p. 268, of reducing the concentration of the metal ion. 

Oxides. — The two most important oxides of copi)er are cuprous 
oxide, Cn20, and cupric oxide, CuO. 

Cuprous oxide, CU2O, is obtained from Fchling's solution (p. 461) 
by reducing it with grape-sugar in the manner already described. 
It can be obtained pure by carefully heating dry cupric oxide in a 
current of dry sulphur dioxide: 

3CUO-I-SO2— CUSO4+ CugO. 

The copper sulphate is extracted with water, leaving pure cuprous 
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oxide. If the sulphate is heated excessively it loses sulphur 
trioxidc and the cuprous oxide will be contaminati'd with cupric 
oxide. 

Cuprous oxide is a red powder insoluble m water. It dissolves 
in acids to form cuprous salts, but these are stable only if they form 
complex ions with the anion of the acid. Otherwise copper is 
deposited (it may react with the acid, if the acid is an oxidizinj^^ 
agent) and cupric ions are formed. Thus, with hydiochloric acid, 
cuprous chloride is jiroduced: 

Cu20 + 2H’=2Cu - hHoO and Cu -|-2Cr=^CuCl/ (also CuCl^'"), 
but with sulphuric acid, cupric sulphate and copper are formed: 

CU2O-I-2H'— Cu“-f Cu 4 “fH-^O, 

and with nitric acid, cupric nitrate is obtained, but the copper is 
oxidized by the acid with the liberation of nitric oxide. 

Cupric oxide, CuO, is made by heating copper in air, or more 
conveniently by heating cupric nitrate: 

2Cu(N03)2-=2Cu 0+4N02 t +O 2 1 • 

(This IS the effective equation. The reaction is actually more 
complex.) It IS a black hygroscopic substance which dissolves in 
acids forming cupric salts. If strongly heated it gives up some of 
its oxygen and is converted to cuprous oxide, and is much used in 
organic analysis for oxidizing the carbon and hydrogen of organic' 
compounds to carbon dioxide and water. It can easily be reduced 
to the metal by heating in hydrogen. 

Copper peroxide, CuO.^, associated with varying amounts ol watei, 
can be made by treating solutions of cui)ric salts with hydrogen 
peroxide ■ 

Cu‘ -)-Ho 0.2— CiiO.2 j 4-2H . 

It is insoluble in watei, and is a strong oxidizing agent. 

Hydroxides. — Cupric hydroxide, Cu(OH)j5, is precipitated, mixed 
with basic salts, as a blue gelatinous substance when a caustic 
alkali is added to a solution containing cupric ions. If the solution 
is boiled the precipitate turns black, and has then the composition 
4CUO.H2O. 

Cuprous Salts, — T he conditions in which cuprous salts are 
stable have already been discussed. 

It was formerly suggested that copper is bivalent in the cuprous 
salts, and that the cuprous ion is a complex produced by the union 
of a cupric ion with a copper atom (compare the mercurous salts, 
p. 509) : 

Cu -|'Cu^(Cu2) . 

The evidence on this point is decisive, and there appears to be 
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no doubt that true cuprous ions, Cu*, do exist in solution. The 
chief evidence for the double ion theory was as follows : 

(i) The vapour density of cuprous chloride shows it to exist in 
the form of double molecules, Cu^Ch, even at 1600°. Cuprous 
iodide, however, exists in single molecules at 1000°. 

(ii) In some organic solvents the molecular weight of cuprous 
compounds has been shown by freezing-point measurements 
to be double; in others, however, it is single. 

(iii) The analogy with mercury, which is certainly bivalent in 
the mercurous compounds. 

On the other hand, 

(i) if copper fonns no univalent compounds it is the only 
element of Group I not to do so ; 

(ii) the existence of even one well-auilicnticated instance of 
single molecules in organic solvents proves that univalent 
copper can exist, and there are several such instances; 

(iii) it has been shown from a study of the equilibrium between 
Cu*, Cu’*, and metallic copper that the expression (Cu’’)/ 
(Cu *)2 is nearly constant. This is to be expcct('d if the 
equilibrium is 2Cu*r=^Cu~1-Cu”, but cannot be reconciled 
with (Cu2‘’)^Cu+Cu’* (cf. p. 510). 

The crystal structure of the cuprous halides resembles that of zinc 
sulphide, and is therefore non-ionic. 

The salts with the anions of weak acids arc all insoluble in water. 
The remaining salts are decomposed by water unless they torin 
complexes. 

Cuprous chloride, CuCl, is prepared by boiling a solution of 
cupric chloride in hydrochloric acid with copper turnings: 

Cu"-[-Cu+4Cr“2CuCl2' (and CuCy'), 
or by reducing the solution with sulphur dioxide : 

2Cu**+S02+2H20+4Cr=SO/+4ir-f2CuClo' (and CuClg'^). 

The solution is poured into water from wdiich the air has been 
removed by boiling ; on dilution the hydrochloric acid will no longer 
take up so much cuprous chloride and the complexes CuClg' and 
CuCl;/ are partially broken down. Cuprous chloride is therefore 
precipitated. 

Cuprous chloride is colourless, insoluble in water but soluble 
in chloride solutions (usually hydrochloric acid) and in ammonia. 
In contact with water and air it turns green with the formation of 
basic cupric chloride, CuCl2.Cu(OH)2. Ammoniacal solutions of 
cuprous chloride are used in gas analysis for absorbing carbon 
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monoxide, which with cuprous chloride forms the colourless com- 
pound CuCl.CO.HoO. With acetylene, ammoniacal solutions of 
cuprous chloride deposit the feebly explosive substance cuprona 
acetylidc, CugCo. 

Cuprous chloride is slowly hydrolysed by air-free water with 
the production of cuprous oxide and hydrochloric acid, particularly 
if the acid is removed as soon as it is formed (as when the cuprous 
chloride is washed) ; 

2CuCH~H20-Cu.,0| +2HCI. 

With boiling water, copper and cujiric chloridt* are formed; 

2CuCl->CuCl2+Cu I . 

Cuprous iodide, Cul, is precipitated when solutions containing 
cupric and iodide ions arc mixed, iodine being liberated simul- 
taneously ; 

2Cu*'+4P">2CuI I -| Ig. 

This is one of the examples of the spontaneous production of an 
insoluble cu]irous salt from cupric ions. A similar reaction does 
not occur with cu])ric chloride because a higher potential is required 
to discharge chloride ions as chlorine than iodide ions as iodine. 
The reaction affords a convenient method for the volumetric 
analysis of cupric solutions. Excess of an iodide is added and the 
iodine liberated is titrated against thiosulphate. The reaction is 
to a slight extent reversible, and to make it go to completion it is 
best to add to the mixture a little potassium thiocyanate, which 
forms the very insoluble cuprous thiocyanate with any cuprous 
ions which may have remained in solution. 

Cuprous sulphide, CiigS, is formed, together with cupric sulphide, 
when copper and sulphur are heated together, and can also be 
obtained by passing hydrogen sulphide through a solution of cuprous 
chloride in hydrochloric acid. It is insoluble in water. 

Cuprous cyanide, CuCN. — The preparation of this substance 
from solutions containing cupric and cyanide ions has already been 
alluded to. 

Cuprous thiocyanate, CuSCN, is an insoluble substance prepared 
in the same way from cupric solutions and thiocyanates; but in 
order to accelerate the decomposition of the cupric thiocyanate, a 
reducing agent such as sulphur dioxide is usually added to the 
solution. 

Cuprous sulphate, CU2SO4, has been made from cuprous oxide 
and methyl sulphate; 

CU 20 +(CH 3 ) 2 S 04 -Cll 2 S 04 -f(CH 3 ) 20 . 

Water must be rigorously excluded during the reaction. The 
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sulphate is colourless. It is more soluble in water than cuprous 
chloride, and consequently much more rapidly decomposed by 
water. An ammoniacal solution of cuprous sul]')hate can, however, 
be prepared in which the cuprous ion is combined with ammonia. 
It rapidly absorbs oxygen if exposed to the air. 

Cuprous nitrate, CUNO3, exists only in the form of complex 
salts, e.g. with acetonitrile, or thiourea. 

Cupric Salts. 

Cupric chloride, CuClg, is made by dissolving the oxide, hydroxide, 
or carbonate in hydrochloric acid and evaporating the solution to 
crystallization. (The action of chlorine on copper yields a mixture 
of cuinous and cupric chlorides.) The anhydrous salt can be 
obtained from tlie hydrate CUCI0.2H2O by warming it gently in a 
current of dry hydrogen chloride, to prevent hydrolysis. If the 
t(imperature rises too high the salt dissociates into cuprous chloride 
and chlorine: 

2CuCl2=2CuCl+Cl2 1 • 

The anhydrous salt is yellowish-brown and deliquescent ; the colour 
of its aqueous solutions has already been discussed (p. 460). With 
ammonia cupric chloride forms compounds, CUCI2.2NH3, CuCl^.qN M^, 
CuClg.bNHa, in accordance with the rule that complex ions existing 
in solution usually have their counterpart in the solid state. 

Cupric bromide, CuBrg, resembles the chloride. 

Cupric iodide has never been prepared. As we have already seen, 
it could not exist in contact with water. 

Cupric carbonate. — The normal carbonate has never been pre- 
pared. but a green mineral with the composition CuC03.Cu(0H)j 
IS well known under the name of malachite. The precipitates 
obtained from carbonate solutions and cupric solutions are either 
basic carbonates or double carbonates such as CuC03.Na2C03. 
The basic and double carbonates of copper easily lose carbon 
dioxide on heating. 

Cupric sulphide, CuS, is a brown or black substance precipitated 
from cupric solutions by hydrogen sulphide or ammonium sulphide. 
It is very in.soluble in water, and will not dissolve in ‘ yellow 
ammonium sulphide.* On strong heating, it decomposes into cuprous 
sulphide and sulphur, but if air is present cupric sulphate is formed. 

Cupric sulphate, * blue vitriol,* CUSO4.5H2O, is the commonest 
compound of copper. It is made on the large scale by blowing air 
through a hot mixture of copper scrap or copper turnings with 
dilute sulphuric acid: 

2Cu-f-4H'+02==2Cu’+2H20. 

It comes into commerce in large blue crystals. 
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On heating, it can be successively converted into the monohydrate 
CUSO4.H2O and the anhydrous salt CUSO4, a white powder. In 
the presence of water the white powder becomes blue from formation 
of the pentahydrate. It is used as a test for water, and also in 
the dehydration of such substances as the alcohols. On strong 
heating, it decomposes into cupric oxide and sulphur trioxide: 

CUSO4-CUO+SO3 t. 

Copper sulphate is very poisonous, especially to the lower forms 
of plant life, and is used in spraying mixtures to kill the fungus 
which causes potato disease, and to spray vines. The spraying 
mixtures usually contain lime (‘ Bordeaux mixture ') or soctiurn 
carbonate. Copper sulphate is the usual source of copper for 
('opper-i)lating. 

The anhydrous salt forms a number of compounds with ammonia. 

Cupric nitrate, Cu(N03)2.3H20, is obtained by crystallization 
from solutions of the oxide, hydroxide, or carbonate in nitric acid. 
It cannot easily be obtained anhydrous, as on heating the hydrate 
hydrolysis t akes place. 'I'he hydrate is a blue deliquescent substance 
soluble in water. 

Cupric ferrocyanide, Cu2Fe(CN)o, is obtained as a chocolate- 
coloured gelatinous precipitate when cupric solutions are mixed 
with ferrocyanide solutions. It has been used in the preparation 
of semi-permeable membranes for experiments on osmotic pressure 

(p- 134)- 

Detfxtion and Estimation of Copper. — Cupric solutions are 
recognized by their colour and by the deep blue solution produced 
on the addition of ammonia in excess. As was first recorded by 
Jabir ibn Hayyan, copper compounds give a bluish -green colour to 
the colourless Bunsen flame. The reaction with potassium iodide 
solution is also characteristic. Copper can be estimated gravi- 
metrically as the sulphide or oxide, volumetrically with potassium 
iodide and sodium thiosulphate, or electrically by deposition as 
metal on a weighed cathode. Colorimetrically, it may be determined 
by means of sodium diethyl-dithio-carbamate, which produces a 
brown colour when added to alkaline solutions containing traces of 
copper. 


Silver 

Ag— 107*880. Atomic Number, 47 

History. — Since silver occurs native, and is also easily extracted 
from its ores, it has been known since very ancient times. During 
the Old Empire (3000-2500 b.c.) silver was scarce and costly in 
Egypt, where it was known as * white gold,' and whither it seems 
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to have been imported from Asia. Later on, however, it was 
produced in greater abundance, and its relative value to gold sank 
to about I to 10 or i to 13; it will be remembered that in the time 
of Solomon silver was held in little account. The process of 
cupellation (p. 469) is mentioned by Pliny (first century a.d.), 
and the ‘ parting ’ of gold and silver by means of nitric acid is 
described by Moslem chemists of the thirteenth century. Among 
the alchemists, silver was astrologically connected with the moon, 
and was thus frequently designated Luna, and symbolized by the 
lunar crescent. A relic of this doctrine is to be found in the 
apothecaries* name for silver nitrate — lunar caustic. 

Occurrence. — Native silver does not occur in sufficient quantity 
to be an important source of the metal, though masses weighing 
up to three-quarters of a ton have occasionally been discovered. 
The principal ores are argentite, AggS; pyrargyrite, 3Ag2S.Sb5,S3; 
stephanite, 5Ag2S.vSb2S3; and dyscrasite, AggSb; but large quantities 
of silver are also extracted from argentiferous lead and copper 
ores — thus galena invariably contains silver, the proportion of 
which may reach some thirteen pounds per ton. The principal 
silver-producing countries are (in order of output) : Mexico, United 
States, Canada, and Peru. 

Extraction. — ^The chief processes at present in use for the extrac- 
tion of silver are : 

(i) The cyanide process. 

(ii) The desilverization of lead. 

A third process, depending upon the formation of an amalgam 
of silver with mercury, is now nearly, if not quite, obsolete. 

Cyanide Process. — The silver ore is first stamped and ground to 
an impalpable powder. This is then treated for some hours with 
sodium cyanide solution, air being blown through the liquid, which 
is contained in a special * agitating- vat.' The object of the air 
is to convert the sodium sulphide, formed as a result of the re- 
actions between the silver sulphide and the sodium cyanide, into 
sodium sulphate. This ensures closer approach to completion of 
the reaction: 

Ag2S-^-4CNV2Ag(CN)2'-^S^ 

The solution of sodium argentocyanide is then treated with zinc 
(or aluminium) dust or shavings, when metallic silver is precipitated. 

Desilverization of Lead. — In the extraction of lead from galena, 
the lead carries all the silver with it. To extract the silver, the 
lead-silver alloy must first be concentrated, an operation usually 
carried out by either Patiinson's process or Parkes's process. 
Pattinson's process depends upon the fact that when argentiferous 
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lead is allowed to solidify, the crystals that separate lirst consist of 
pure lead; removal of this lead results in an alloy richer in silver. 
Repetition of the operation finally yields an alloy containing about 
I per cent of silver. This is then subjected to cupellation (see below). 

Parkes's process, now almost exclusively used, is basecl upon the 
facts (i) that molten zinc and molten lead are nearly immiscible, 
and (2) that silver is much more soluble in zinc than in lead (the 
distribution coefficient at 800° is about 300). Hence, when zinc is 
added to molten argentiferous lead, most of the silver forms an 
alloy with the zinc. This alloy floats on liic surface of the molten 
lead, and, on cooling, solidifies before the latter. It is skimmed off, 
the zinc is removed by distillation from plumbago retorts, and the 
residual alloy of silver with a little lead is then cupelled. If neces- 
sary, the desilverizing process can be carried out two or three times, 
and the residual lead may then contain as little as 0-0005 
cent of silver. 

Poor silver ores are sometimes mixed with lead ores, in order 
that the metal may be extracted as above. 

Cupellation . — The enriched silver-lead alloy resulting from 
Parkes's process or Pattinson's process is melted in a shallow 
hearth or ‘ test * made of bone-ash (calcium phosphate), or, more 
usually, cement. A current of air is blown on to the molten metal, 
when the lead is oxidized to litharge, which is absorbed by the 
bone-ash : 

2Pb+02=2Pb0. 

When the lead has all been oxidized away, a bright surface of 
shining metallic silver suddenly appears, marking the end of the 
operation. 

Refinement of Silver . — The silver obtained by careful cupellation 
is pure enough for most purposes, though if it contains gold this is 
removed from it bv ' parting ' with nitric acid or sulphuric acid 
(see p. 473). Richards and Wells obtained very pure silver by 
the method described below. 

Uses. — Silver is used in coinage and in the manufacture of table- 
ware and ornaments. Since the pure metal is rather soft, it is 
generally alloyed with copj^er, of which the old British coinage silver 
contained 7-5 per cent. Silver crucibles are occasionally used in 
the laboratory for the fusion of the caustic alkalis, which attack 
most other metals. During a temporary fall in price, the use of 
silver for containers of acids and other corrosive liquids extended 
to industry. 

Compounds of silver are used in photography, in making marking- 
ink, and in volumetric analysis. 

Properties. — Silver is a white metal which will take a high polish 
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and has been used in making mirrors. Silver vapour is blue, and 
vapour-density measurements show it to be monatomic. 

Silver is a typical noble metal, and as it forms only one series of 
stable salts its chemistry is simpler than that of either copper or 
gold. Silver is unaffected by pure air but tarnishes in air containing 
traces of hydrogen sulphide, always found in towns from the 
burning of coal; the bkick substance formed is silver sulphide. 
Silver egg-spoons rapidly become black for a similar reason — eggs 
contain combined sulphur. Like copper, silver will dissolve only 
in acids which oxidize it or form complexes with it. With nitric 
acid it gives silver nitrate and nitrogen oxides, and with hot concen- 
trated sulphuric acid, sulphur dioxide and the insoluble compound 
silver sulphate; dilute sulphuric acid has no action. Hydrochloric 
acid has only a very slight action. 

Silver can be made in a state of very great purity. It is preci- 
pitated from a solution of pure silver nitrate with an organic re- 
ducing agent (sugar), and the product is fused in a boat made of 
pure quicklime. Ry this process Richards and Wells were able 
to prepare a metal for atomic weight determinations with a purity 
of 99*999 per cent. Tlie fusion must be carried out in hydrogen or 
in a vacuum, for molten silver absorbs considerable quantities of 
oxygen, which are given out on cooling; the evolution of gas is 
called ‘ spitting,* and leaves marks on the surface of silver which 
has been melted in air. 

Complex Silver Ions. — Silver resembles copper in the formation of 
stable complexes with ammonia, cyanides, and, to a less degree, 
chlorides; it also forms complexes with sulphites and thiosulphates 
(p. 6c)i). 

The ammonia complex, which has the formula (Ag. 2 NH 3 ) , is 
used in qualitative analysis in distinguishing between the chloride, 
bromide, and iodide of silver, for ammonia in ordinary concentra- 
tions dissolves the chloride readily, the bromide with difficulty, and 
the iodide scarcely at all. The action in each case is the same, e.g. : 

AgCl4-2NH3=(Ag.2NH3)--fCr, 

and the difference in behaviour is due to the different solubility 
products of the three compounds, which are approximately as 
follows : 

[Ag-] [Cr]-2Xio-i«. [Ag-] [Br']-4Xio-i'\ [Ag*] fr] = io-i«. 

The dissociation of the complex ion is controlled by the equation: 

TO"®, and it can be shown without difficulty 

[Ag.2NH3 ] " 

that the observed facts are in agreement with calculation. Since 
the solubility product of silver sulphide, rAg']2[S"], is about io“®® 
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it is obvious that silver sulphide can be precipitated trom am- 
moniacal solutions of any concentration. 

The cyanide complex is exceedingly stable, and exists in two 
forms, Ag(CN) 2 ' and Ag(CN)s'". The latter is produced in solutions 
containing a large excess of cyanide, and remov^es all but a very 
few silver ions from the solution, as can be seen from the very low 

value of the dissociation-constant, , J. Solutions 

[AfjiCN)/] 

of cyanides will therefore dissolve all the insoluble salts of silver — 
even silver suljihide if they are sufficiently concentrated — and 
silver-cleaning powders are sometimes found to contain potassium 
cyanide, a most undesirable ingredient. Cyanide solutions are 
used in the wet extraction process for silver, and in silver-plating 
baths to reduce the concentration of silver ion. 

The complex chloride ion, probably AgClj,' or AgCl.^", is much less 
stable than those just discussed, but it causes a noticeable solubility 
of silver chloride in chloride solutions which must be guarded 
against in analysis. 

Oxides. — Argentous oxide, Ag/), is prei'ipiteited as a browai or 
black substance when caustic alkalis are added to sih'er solutions: 


2Ag’+20ir-Ag20| +H 2 O. 

If ammonia is used the oxide easily dissolves in excess of ammonia, 
and the resulting solution is used as a test for reducing agents, 
which precipitate silver as a black precij)itatc, a mirror on the side 
of the vessel, or a colloidal solution of varying colour: 

Ag‘+electron->Ag | . 

Silver oxide is easily decomposed by heat into the metal and 
oxygen. No hydroxide is known. The ammoniacal solution, 
when oxidized by the air, deposits a black explosive substance 
called ‘ fulminating silver,* believed to be silver nitride, AgaN. 

Argentic oxide, AgO, precipitated from silver solutions by ozone 
or persulphates, is black, unstable, and a strong oxidizing agent which 
wall convert ammonia to nitrogen. 

Silver Salts. — All the salts that silver forms with the anions 
of weak acids are insoluble or only slightly soluble in water {compare 
copper), and so arc the halides, except the fluoride, a phenomenon 
wdiich has already been discussed on p. 45(). The sulphate also is 
only slightly soluble, so the only common soluble salts are the 
nitrate, chlorate, perchlorate, and fluoride, though with ammonia, 
or cyanides solutions can easily be obtained containing silver in 
the form of complex ions. The insolubility of the silver salts of 
organic acids is often made use of in organic chemistry. 

Silver carbonate, AgoCOa, is a pale yellow substance precipitated 
Q 
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when aminoniacal silver solutions are treated with carbon dioxide. 
It is ri'adily deconi])osed on heating, first into silver oxide and then 
into silvcT. 

Silver nitrate, AgNO^, * lunar caustic,' is the commonest com- 
])()imd of silv(T, and is made from silver and nitric acid. A solution 
of silver nitrate is used as marking-ink, since it is reduced to metallic 
silver (black in the finely- divided form) by organic matter, and the 
silver precipitated in the libres of the material cannot be waslu'd 
out. lH)r the same reason silver nitrate solutions colour the skin 
black. 

SiLvrn liALTi)]':s, AgCl, AgJk, Agl, are precipitated as white or 
]Xile yellow yirecipitatc's wlnai silver solutions are mixed with 
solutions of the ('orresj)onding halide. As alrc'ady mentioned, they 
an' .all insolubh' in water, but are soluble in suitable complex- 
forming reagents. Tht'v un* often precipitated in the colloidal 
form but can usually be coagulated by shaking or boiling. They 
all gr(.)w darker on ex]>osure to light, a phenonu'non which is used 
in pho1ograj)hy and which, as has bec’u ex])lained on p. 274, is 
due to the formation of metallic siK er. The sedid halides all combine 
with ammonia to form compouiuls such as 2AgCl.jNH.^. 

Argentous fluoride, AgE, is remarkabU' as being the only silver 
halide soluble in water. l‘he bright yellow anhydrous salt and the 
colourless hydrate, AgF.2H20, are both extremely deliquescent. 
Owing to hydroly.sis a black jwcipitati' of mixed metal and oxide 
sejxiiates fiom the hot aqueous solution. 

Argentic fluoride, AgFg, is obtained as a dark-coloured solid by 
lieatmg silver chloride in fluorine. With water oxygc'ii is released 
and argentoiis fluoride formed. The strong magnetic properties 
reveal the presence of Ag", which unlike Ag', has an odd number 
of electrons. 

Silver sulphate, AgoSO^, is obtained by precipitating silver solu- 
tions with excess of suijdiuric acid. It is only slightly soluble in 
W'ater (about i per cent at room temperature). 

Silver sulphite, AggSOg, is insoluble, but readily dissolves in 
sulphite solutions, forming the complex ion AgSO^'. 

Silver sulphide, AggS, is a very insoluble black substance pn)duced 
when silver solutions are mixed with sulphides. When heated in 
air, it forms silver and sulphur dioxide: 


Ag2S-l-02=2Ag+S02 1 • 


Silver thiocyanate, AgSCN, is very insoluble, a fact which is 
made use of in Volhakd’s titration of silver nitrate against am- 
monium thiocyanate. The solubility-product, I0“^^, is considerably 
less than that of silver chloride. 
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Detection and Estimation of Silver. — Silver is detected by 
the precipitate which its solutions give with chlorides, soluble in 
ammonia but not in dilute nitric acid. It can be estimated gravi- 
mctrically as silver chloride, and volumetrically by titration against 
a clilonde. bromide, iodide, or thiocyanate. There is no satisfactory 
colorimetric method ol determining silver. 


Gold 

Au— T07*o. Atomic Number, yq 

History. — Like silver, gold has been known Iroin prehistoric 
times, 'hhe universal esteem in which it has been held lor several 
thousand years is a queer but immeasurably important psycho- 
logical phenomenon. It has already been mentioned, in the 
Historical Introduction, that the desire for gold was a deciding 
factor in the development of chemistry. Alchemical literature is 
almost entirely a literature of the supposed art of gold-making; 
and alchemy, of the cruder sort, is still })ractis('d— not merely in 
liackward countries, but in the western civilizations. It is worth 
relli'cting that if ever gold is prepared synthetically on a large scale, 
it will, ipso facto, lose its peculiar value: a point which Diocletian 
was shrewd enough to perceive, but which rarely entered the con- 
sciousness of an alchemist. 

Occurrence. — Gold mainly occurs native, though it is freqiKTitly 
present in the ores of other metals to an extent which makes its 
extraction from them profitable. The native masses vary in size 
from microscopic grains to lumps weighing as much as 180-90 lb. 
The principal gold-producing countries (in order of output) are: 
South Africa, Russia, United States, and Australasia, the first 
accounting for nearly lialf the total. 

Extraction, — Gold is now exti acted from its ores by the wet 
or cyanide process, which can be applied to ores or residues rela- 
tivc'ly poor m gold. It was intmduced by M‘ Arthur and Forrest 
in 1887, and it is said that one mine, after putting up a plant costing 
£2,000, made with it a working profit of £3,000 a month. 

In this jirocess the finely-crushed material is thoroughly extracted 
in the juesence of air with a si^lution of sodium cyanide, in which 
the gold dissolves to form aurocyanide ions: 

4Au-f-8CN'-f02+2ll20=4Au(CN)2'-l-40H'. 

The gold is precipitated from this solution by zinc, and refined 
either electrolyticaUy or with the help of the volatile compound 
auric chloride. 

Separation of Gold from Silver . — In the extraction of silver, the 
product frequently consists of a silver-gold alloy with a small 
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though valuable proportion of the latter element. Separation or 
' parting ' is effected [a) by digesting with hot concentrated nitric 
acid, which dissolves the silver and leaves the gold as a brown 
powder, or [b) by boiling first with sulphuric acid and then with 
nitric acid, in which case the gold is left as a brown porous mass, 
and the silver passes into solution as silver sulphate. 

Properties. — Gold is a yellow metal which melts at 1064” to a 
green liquid. It is the most ductile and the most malleable of all 
metals, and can be beaten out into sheets (called ‘ gold leaf ') as 
thin as o-ooooi mm., or drawn out into very tliin wire. Its high 
density makes it very dilhcult to counterfeit, as gold which 

has been alloyed with a less jnccious melal such as silver has a 
much lower density; a fact which according to tradition was hrst 
applied by Archimedes. Colloidal solutions of gold can be prepared 
by reducing gold solutions with such reducing agents as phospliorus, 
hydrazine, or formaldehyde, and arc usually brightly coloured, 
'flic pigment called ‘ piirpk) of Cassius ' was disco\'ered by Cassius 
in 1685, and is a colloidal solution of gold 111 stannic o.vide, prepared 
by reducing gold solutions with stannous chloride. It has a fine 
red or purple colour and is used in colouring glass or jiorcelain. 
R. Campbi.’;ll Thompson has adduced evidence suggesting that 
purple of Cassius was known to the ancient Assyrian glass-makers. 

(iold has a standard electrode jiotential of about i-/ volts, and is 
one ol the most noble of the metals, it will dissolve only in solutions 
with whieli it can form complexes. Jt can be dissolved by aqua 
regia, a mixture of nitric and hydrochloric acids in the j)roportion 
of about one to three; this mixture evolves chlorine, by which gold 
is readily attacked, and the metal dissolves to form clilorauric 
ions, AuCl/. ^'he solubility of gold m cyanide solutions in the 
presence of air has already been mentioned. 

Gilding is carried out either by electroplating from a gold cyanide 
bath or by apidying gold loaf to the surface of tlie object. The 
chief use of gold is, however, in coinage or jewelry. Since pure 
gold IS soft it is for these purposes alloyed either with silver (as 
in Australian coinage) or with copper (as in the former English 
coinage): the former alloy is pale yellow, the latter almost orange. 
The pro])ortion of gold in such alloys is said to be 22 carats, which 
means that they contain 22 parts of gold by weight in 24; pure 
gold IS 24-carat, 

Oxides and Hydroxides. 

Aurous oxide, Au^O, is obtained by reducing a solution of an 
aurichluride with sulphur dioxide and adding caustic alkali ; 

AuCUHS 02 + 2 H, 0 H OH'^-AuGH j +4ir + SO/ 1 4(T. 
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The black auroiis hydroxide loses water on gentle heating to form 
anrous oxide, which is itself easily decomposed at a higher tem- 
perature into gold and oxvgen. 

Auric hydroxide, AuO.OII, is precipitated by adding caustic 
alkali to a solution of auric chloride, Au(l3: 

AuCla+aOH'-AuO.OH; I 3^-1' I TI A 

The hydroxide is soluble in excess of caustic alkali, so it is best to 
carry cait the precipitation with the ahnost insoluble magnesium 
hydroxide. Any excess of this reagent can be removed from tlie 
])recipitate by washing it with dilute nitric acid. 

Auric hydroxide dissolves in caustic alkalis because it is a weak 
a('id (it is sometimes called auric acid); in such alkaline' solutions 
the gold is in the anion. The hydroxide is decomposed at a moderate 
temperature into gold, w\'iter, and oxygen. Witli ammonia ‘ ful- 
minating gold’ can be obtained; it resembles the analogous silver 
compound in its jwperties. 

Goud Compounds. — ^These form two series, the aurous, in which 
gold is univalent, and the auric, in which it is tervaleiit. The auric 
compounds are covalent and do not give measurable quantities 
of auric ions in solution (compare the quadrivalencv of lead) : they 
are not very stable except in the form of complexes such as the 
chloraurates, AuCl/ . The aiirous halides, like the cuprous and argen- 
tous (the fluoride excepted), are insoluble in water, and for the 
same reason. Like the rnono-halides of copper they arc decomposed 
by boiling water into higlier halide and metal; the auric halide may 
decompose further into gold and halogen. Like the auric com- 
pounds, they form fairly stable complexes (such as AuClg') with 
halide ions, and are consequently soluble in halide solutions, and 
they also form complexes with ammonia. 

Gold forms a very stable anrocyanide complex, Au(('N)2', ^^d 
all compounds of gold will dissolve in cyanide solutions. Gold 
itself has a much higher standard electrode potential than copper 
(+ 1*7 volts against 0’52 volts), and unlike copper will not liberate 
hydrogen from cyanide solutions, but it will dissolve in them if 
there is air present to oxidize the hydrogen. 


Aurous Compounds. 

Aurous chloride, AuCl, is obtained by gently heating auric 
chloride : 

AuCla^AuCl+Clg t • 


It is insoluble in cold water and decomposed by hot water into 
auric chloride and gold: 

3AuC1:=2Au I +AUCI3. 
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Like cuprous chloride and silver chloride, aurous chloride is soluble 
in ammonia, and the solid forms compounds with ammonia gas. 

Aurous io^de, Aul, is produced when an iodide solution is added 
to an aurous or an auric solution; in this respect it resembles 
cuprous iodide; 

AuCl3+3r=AuI ; +I2+3CI'. 

It IS unstable and is easily decomposed into its elements. 

Aurous sulphide, AuoS, is precipitated in somewhat similar 
fashion by a sulphide from either aurous or auric solutions. It 
is a black insoluble substance: 

2AuC1:^+3S"=Au 2S j +2S I 4 - 6Cr. 

Auktc Compounds. 

Auric chloride, AuCl^, is prepared by the action of chlorine on 
gold. It forms a hydrate, AUCI3.2H2O, and is soluble in water, but 
it is a covalent compound and its solutions do not contain auric 
ions — which indeed appear not to exist. The low melting-point 
(288°) and the volatility support this view, and the electrical 
conductivity of a freshly prejiarcd solution was found by Kohl- 
RAi'SCH to be ver^^ small at hist, gradually rising with the formation 
of hydrogen chloride by h3^drolysis. Auric chloride is soluble in 
some organic solvent.s — another indication of covalency. When 
heated it decomposes into aurous chloride and chlorine. 

It is .stable in chloride .solutions, in which it forms the anion 
AUCI4'; from the hydrochloric acid solution chloroauric acid has been 
isolated as the h^^drate HAUCI4.3H2O. This is used in photography, 
under the name of ‘ chloride of gold,* for toning prints. 

Auric iodide, Aul^, is less stable than the chloride and is decom- 
posc'd at a lower temperature into aurous halide and halogen. It 
is also decomposed by water, but stable solutions of iodo-aurates 
can be prepared containing the anion Aul/. 



CHAPTER XVI 
GROUP II 


BKKYLLIUM, MAGNESIUM, CALCIUM, STRONTIUM, BARIUM, 
IRADIUMJ, zinc, CADMIUM, MERCURY 

,Ca~ Sr- Ba—IKa] 

''Zn-Cd— Ht; 



7 vjHcal 
I'lcmcnh 

Suhi^ioup A 
{Alkaline eayths) 

Subgroup li 

1 

]^(* 

Mi; 

\ I 

I 

1 

j K,-. 

j Zn 

( (1 1 


Mfimic Ninn])( i, 

1 

12 

20 

;S 

1 1 

88 

1 30 ! 


80 


() OT 

2 1-42 

jfvo.S 

8 7 *() 

I i 7 * 3 <> 

223 07 

,(>3 38 

1 12'41 

200 (>i ' 

Di-tisily 

: I 

07-1 

071 1 

2 5 


()•() 

0 g 

8-() 

T 3 f>J 

Moinic Vulunic' 

! 

T po 

' 2 VO 1 

3 ^ L 

V» 7 

3 -^ 

Q-") 

13-0 

■ 1-1 1 


^ 2Su'’ 

! 

Sjo’ 

732“ 

830 ' 

700" 

.12 0'" 

320“ 

- 

Staiulanl 

2(J7C)'' 

1 I oo" 

1 1 

i3()tP 

» 737 " 

? 

g2o" 

780' 

1 3gt)'" 1 

1 1 

itoclf I’otcniial 

j ‘ 7 ^' 


-2 S7 

- 2-8m' 

1 - 2 <»o 

? 

- - 0 7() 


j 1 “ '80, 




1 

1 

1 



j — 0-40 

1 l-‘>us)l 


Till-: cliornical properties of radium and its compounds liavT' not 
been suffici(Mitly tlioroiudib' in vesti, seated to receive separate 
treatment here. In so far as they arc known they closely resemble 
those of barium. 

The order of the standard electrode potentials is; 

Ba, Sr, Ca, M^, Be, Zn, Cd. Mi;, 

that IS, from the heaviest element of Subgroup A to the heaviest 
element of Subgroup B, the typical elements occupying an inter- 
mediate position. The subgroups do not resemble each other 
very closely, but the valency in all the soluble compounds is two; 
the mercurous compounds are only an apparent exception to this 
rule, as will be seen when we come to study them. The typical 
elements resemble sometimes one subgroup and sometimes the 
other, but, on the whole, magnesium goes with Subgroup A and 
beryllium with Subgroup B, that is, the dividing line in the series 
given above is to be drawn between Mg and Be. 

I. The action of the metals on water is what would be expected 
from the electrode potentials, and ranges from barium, which 
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reacts very vijL^orously, to mercury, which is readily precipitated by 
reducing agents from solutions of its salts. The action of air on 
the metal hallows the same order. 

2. The same is true of the tendency of the elements to form 
covalent comjKJimds, though beryllium, with its v(Ty small atomic 
volume, IS perhaps more prominent in this direction than its 
position in the electrochemical series might indicate. The Sub- 
group A elements, with their very low diaisities and their high atomic 
volumes, form predominantly elect rovalent comi)Ounds, while the 
Subgroup B elements, with their high densities and low' atomic 
volumes, form partly eleclrovalent and partly covalent compounds. 
These covalent compounds have comparativelv low^ melting- and 
boiling-points and arc soluble in organic solvents, w'hile their 
solutions contain a considerable ])roportion of unionized molecules. 
It is instructive to comj)are the melting-points of the chlorides in 
the two groups: 
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The chlorides in the riglit-hand group are all fr(‘( ly soluble in organic 
solvents, those in the left-hand group arc not, except to some 
extent calcium chloride. 

The pov/er of forming covalent organic comj'ounds begins with 
magnesium and is very marked with nuTcury. 

3. The tendency to form complex ions and auto-cornplexes 
increases in the same order: it is unimportant in Subgroup A, 
though already appreciable in calcium; marked with beryllium; 
and very prominent with zinc and especially cadmium; while the 
mercurous ion, a complex, is so stable that it was formerly mistaken 
for a separate valency type. The same applies to the tendency of 
the salts to form hydrates — but mercury is an exception to this. 
The ions of all these elements are colourless. 

4. The hydroxides of Subgroup A are soluble or slightly soluble 
in water: those of the typical elements and Subgroup B are nearly 
insoluble. Magnesium and Subgroup A hydroxides are strongly 
basic, while the others are weak bases also possessed of feeble acidic 
powers, which decrease in the usual way with the atomic number 
of the metal. 

5. The ease with which the hydroxides, peroxides, carbonates, 
sulphates, and nitrates can be decomposed by heating increases 
fairly regularly from barium to mercury (but beryllium forms no 
peroxide). 

6. Subgroup A metals share with the alkali-metals the power of 
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forming hydrides of electrovalent type (formula MHg) when the 
metal is heated in hydrogen; the remaining elements of the group 
form no similar hydrides. 

7. The typical and Subgroup A elements form nitrides of formula 
M3N2 on heating in nitrogen; Subgroup B elements do not readily 
form nitrides. 

8. Solubility differences include the following: 

The fluorides of magnesium and Subgroup A metals are nearly 
insoluble; the rest soluble. 

The sulphides of Subgroup B are insoluble; the rest are decom- 
posed by water. 

The sulphates of Subgroup A arc insoluble or slightly soluble; 
the rest (except the mercury sulphates) very soluble. 

It must not be supposed that all the compounds of all the elements 
in this group have properties that can be arranged in sequence: 
such is very far from being tlie case. Beryllium, as is usual with 
the first element of a group, closely resembles aluminium, the 
second element of the next, just as magnesium resembles lithium, 
while both beryllium and mercury are highly individual elements 
whose compounds show peculiarities which can be subjected only 
to a limited extent to the generalities of the periodic classification. 


Beryllium 

Be— 9-01. Atomic Number, 4 

History. — Hauy, one of the founders of crystallography, noticed 
that the mineral beryl had the same crystal form as the emerald, 
and invited the French chemist Vauquelin to analyse these 
substances. The result was the discoveiy in 1798 of a new element, 
resembling aluminium in its properties, but with certain charac- 
teristics of its own, among them the sweet taste of its salts. The 
name glucinum was therefore given to the newly discovered element, 
but has now been almost superseded by the name beryllium. 
Occurrence. — Beryllium is the scarcest element of the second 
group, excepting only radium, and the least known of all the 
typical elements, l^p to the present time it has been of trifling 
commercial importance and the principal source has been beryl, 
an impure beryllium aluminosilicate which occurs in small quantities 
in various parts of the wwld, chiefly in the United States. Recently, 
however, important new deposits of beryllium minerals have been 
discovered in Manitoba, Canada, as the result of a search stimulated 
by the invention of light alloys in which the metal advantageously 
rejflaces the heavier aluminium, and in the future the production 
*0 
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of beryllium may be expected to increase. A minor use of beryllium 
is as a ‘ window ' in some varieties of X-ray tubes. 

Extraction. — Beryllium is now extracted on a commercial scale 
as follows : 

Beryl is mixed with sodium fluosilicale, heated to 650°, and 
extract("d with cold water. The beryllium passes into solution 
as sodium fluoberyllate, NaoBeE4, which can be crystallized. 
lYom a soluti( 3 n of this coiniKuind caustic alkali precipitates 
bervllium hydroxide, Be( 01 I)o, which is di.ss()lved in hydrofluoric 
acid and evaporated to dryness, leaving 2BeO.BeE2, whicli melts 
at 750^'. This compound is mixed with barium fluoride and 
electrolysed at 3 400'' in a graphite crucible which acts as anode. 
The cathode is a water-cooled iron tube on which rough rods of 
beryllium form. 

Small quantiti('s of pure beryllium may be prepared by the 
electrolysis of anhydrous bervllium salts dissolved in litjuid ammonia. 

Properties. — Metallic beryllium lesembk's magnesium and alumi- 
nium, but has a higher melting-point than either. The chemistry 
of its compounds is dominated by its very low atomic volume, 
lower than that of any otlier elenuait, which causes its compounds 
to be largely covalent, and associates them with those of aluminium, 
which they otherwise much resemble. 

Beryllium is a hard, grey metal with a density (i*8j) lower than 
that of aluminium, though greater than that of magnesium. It 
has the highest melting-point of any clement in the group, and is 
a good conductor of electricity. Its physical qualities are superior 
to those of aluminium, but unfortunately it is far less common. 1 1 
is as stable as aluminium in the air, but if the finely-divided metal 
is strongly heatc’d it burns with a bright light to form beryllium 
oxide. Its standard electrode potential certainly lies between 
those of magnesium and zinc, and it is more resistant than mag- 
nesium to the action of water, from which it displaces hydrogen 
slowly or not at all, owing to the formation c)f a film of oxide. It 
is readily soluble in acids, and differs from magnesium in dissolving 
in solutions of alkalis. 

Oxides and Hydroxides. — The only known oxide of beryllium is 
the monoxide BcO. It can be obtained by heating the carbonate 
or nitrate or the hydroxide. Be (011)3. This latter compound is 
precipitated from beryllium solutions by caustic alkalis, but 
dissolves in excess, like aluminium hydroxide, to form compounds 
called beryllatcs: 

Be(0H)2+20H'^Be03"+2H20. 

On boiling the solution the reverse change takes place and beryllium 
hydroxide, unlike aluminium hydroxide, is reprecipitated: this is 
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used in the separation of the two elements. Solutions of the 
beryllates, though less stable than those of the aluniinatcs, are 
more stable than those of the /incates. 

'Fhc oxide can be purilied by heating it in a current of carbonyl 
chloride at 450"" for one or two hours. Iron and aluminium are 
removed as volatile chlorides. After calcium chloride and any 
beryllium chloride have been washed out with water, pure beryllium 
oxide remains. It is a colourless compound with a very high 
melting-point {2500"?). It dissolves in acids to form the beryllium 
salts, and in alkalis to form the beryllates. It has the wurtzile 
structure exactly like ZnO, and utterly dilterent from the rock-salt 
structure of MgO, CaO, etc. 

Nitride. — Like magnesium, beryllium combint'S with nitrogen 
when heated in the ga^. The product, which has the formula 
Ik'^Ng, can also be prepared by lieating the metal in ammonia. 

Carbonate. — The normal carbonate is unknown: sodium carbonate 
precipitates from b('r\’llium solutions a basic carbonate of uncertain 
( omposition. 

Halides. — Solutions of the halides arc prepared m the ordinary 
way by the action of the acid on the metal, oxid(\ or carbonate, but 
evaporation of the solutions always leads to the precijntation ol 
beryllium hydroxide or of a basic salt formed by hydrolysis. The 
anhydrous salts are thcr(*tore prepared by the action of the halogen 
or hydrogen halide on the metal, or on a heated mixture of the 
oxide and carbon (comj)are aluminium). 

hlitoridc, ReFy. — This compound can be prepared by heating 
tlie com[ilex salt (NH4)2F>eF4 in the absence of air. It is a glassy 
hvgroscopic substance suluble in water: the fused salt is a non- 
conductor. I'he fluoride must be luxited to a higher temjierature 
than the other halides betore it is fully liquid. The structure of 
llcFo resembles that of quartz (witli Be~Si, and F= 0 ). 

Chloride, BeCl.^. — A white solid melting at 400“ and boiling at 
520°. The vapour density of this compound was determined as 
a check on the atomic weight (and valency) of beryllium: it showed 
the molecule to be BeClg. 

The bromide melts at 490'' and the iodide at 510''. AU the halides 
are soluble in organic solvents, but the fluoride is only slightly soluble. 

Sulphide. — The compound BeS is immediately decomposed bv 
water, and attempts to precipitate it from beryllium solutions with 
ammonium sulphide lead to the evolution of hydrogen sulphide 
and the precipitation of the hydroxide: 

BeS+ 2 H 20 =Be( 0 H )2 ; -f IRS f • 

Sulphate. — Solutions of this compound can be obtained by the 
usual methods, but the anhydrous compound BCSO4 has not been 
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prepared in a state of purity, as the attempt to remove the i, 2, 4, 
or 6 molecules of water of crystallization by heating it leads to partial 
decomposition; on strong heating the oxide lemains. 

Nitrate. — The hydrated nitrate can be prepared by the usual 
methods, and dehydrated by heating with amyl alcohol. 


Ma(;nesium 

Mg --24*32. Atomic Number, 12 

History. — Magnesium sulj)hale was discovered in the water of a 
well at Epsom l)y Nathan lEi. (iKEW 111 ibc)5. Hoefmann, in ijzi), 
first showcid that magnesia (MgO) was to be distinguished from 
lime (CaO), and Black (1755) elucidated the composition of map- 
nesia alba (a carbonate of magnesium). The metal was possibly 
obtained by Sagic in 1777, and was certainly prepared in an impure 
state by Davy in iSocS. In a state of comparative purity it was 
first obtained by Bussy (i82(;)). 

Occurrence. — Magnesium is an abundant element. It occurs in 
carnallitc, MgClg.KCl.bHj^O (p. 445); mapncstic, MgCO.,; dolomite, 
MgCO.j.CaCO,^; kicserite, MgS04.H.^0, and in several naturally- 
occurring silicates, among them asbestos, 3MgSi0y.CaSi03, and talc, 
Hj,Mg3(Si03)4. It occurs in small quantities in living matter, and 
is, for example, an essential constituent of chlorophyll, the green 
colouring-matter of plants. 

Preparation.— Magnesium is jirejiared on the commercial scpde 
by two processes. In the first the raw material is magnesium 
chloride hexahydrate, MgCl2.6H20, from carnallite. This is melted 
in an iron pot, but to reduce the h3Klrolysis that normally takes 
place — MgCl2+H20^Mg0+2HCl t — it is first mixed with an 
equal weight of common salt; in this fused mixture the magnesium 
is possibly partly combined as a complex anion. The temperature 
is 700°. The melt is then electrolysed with the pot as cathode 
and a graphite anode suspended in it: so long as the magnesium 
concentration of the melt is kept up, magnesium will separate in 
preference to sodium. In the U.S.A. magnesium chloride is ob- 
tained liom sea-water, deh^Tlrated by heating in a current of 
h3^drogen chloride, fused, and electrolysed. 

In the second process the raw material is magnesium oxide. The 
electrolyse consists of equal parts of magnesium and barium 
fluorides to which sodium fluoride is added to lower the melting- 
point. Electrolysis is carried out at 950°, and the melt, which is 
contained in a steel vessel, forms a solid crust on the surface. The 
cast-iron cathodes project from the bottom of the vessel, while the 
carbon anodes are suspended in the liquid. The molten magnesium 
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produced at the cathode by electrolysis is lighter than the liquid and 
rises, but is protected from the air, in which it would burn at this 
temperature, by the solid crust of electrolyte, under which it 
collects. 

From time to time magnesium oxide is added to the melt. Mag- 
nesium is much less electropositive than barium or sodium, and is 
preferentially deposited. The 
current is carried to the anode 
by both fluoride and oxide 
10ns, but at that electrode only 
the latter arc discharged, 
owing to the high discharge 
potential of fluoride ion. The 
net action is : 

2Mg0=^2Mg + 02 t . 

There is therefore no loss of 
fluorine, and the magnesium 
fluoride need not be re- 
plenished. The product is 
about gg per cent pure. The 
metal is now purified on a commercial scale by sublimation at 600° 
under a pressure of i mm. of mercury. 

Uses. — Magnesium is used in flashlight powders and in the new 
light alloys such as rnagnalium: in the laboratory it is used as a 
reducing agent and in the preparation of the hydrides of boron 
and silicon. Elektron, an alloy with the very low density of i-8, 
consists of go per cent magnesium alloyed with copper, zinc, man- 
ganese, and .silicon. It is used for the crank-cases and gear-box 
casings of motor cars, and is protected from corrosion by an anodic 
oxidation ]m)cess similar to that now applied to aluminium (p. 532). 
In spite of being highly inflammable, it can be welded. 

Properties. — Magnesium is a white, fairly hard metal which in 
the laboratory is usually supplied in ribbon, filings, or powder. It 
is stable in dry air, but in moist air is slowly oxidized to the mon- 
oxide MgO. When heated it burns with the well-known blinding 
white light, the products being the monoxide with a little of the 
nitride MggNj. In the formation of this latter com])Ound mag- 
nesium resembles lithium and also the alkaline-earth metals. The 
white cloud produced by flashlight powders is magnesium oxide. 
Magnesium reacts violently with acids, and slowly liberates 
hydrogen from hot water. The action is impeded by the film of 
insoluble hydroxide produced on the surface of the metal. Since 
magnesium hydroxide, for some reason not fully understood, is 
slightly more soluble in most salt solutions than in pure water. 
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solutions of such substances as sodium or calcium chlorides act on 
magnesium much more rapidly than pure water, especially if 
heated. Solutions of salts of weak bases (e.g. ammonium salts) 
also dissolve magnesium by reason of their acid reaction. Mag- 
nesium will burn brightly if heated in a current of steam: 

Mg-f 2H2O- Mg{OH),+H2. 

Magnesium is sometimes included with the elements calcium, 
strontium, and barium in the term ‘alkaline-earth metals’: the 
‘ earth ’ is the oxide. Like these elements, magnesium is always 
bivalent: it is less electropositive than calcium, but much more so 
than zinc. It has only a very slight tendency to form complex 
ions, excluding, of course, the hydrated cation, though there is 
evidence of auto-complex formation in some of its solutions, e.g. 
those of magnesium sulphate. Double salts, often hydrated, are 
also common. Its compounds are nearly all hydrated, and in tlie 
absence of water there is a very marked tendency to fonn complexes. 
Ill the solid state we may mention the comj)ound MgCl2.2Nll3, 
which can be made even at 300'’, and in ethereal solution the 
interesting Grignakd com])oimds made by dissolving dry mag- 
nesium ill a solution of a dry alkyl iodide, such as CgH^I, in dry 
ether: 

C H 

In their preparation it is necessary rigorously I0 exclude water, 
which hydroly.ses them at once. In aqueous solution the only stable 
form of magnesium is the bivalent hydrated ion, and the hydroxide, 
Mg(OH)o, IS a strong base, though almost insoluble in water. The 
relation between magnesium and the alkaline-earth elements re- 
sembles that between lithium and the alkali-metals, and the two 
elements resemble each other, in accordance with the rule already 
alluded to (p. 470). Magnesium also resembles zinc, but can easily 
be separated from it by the solubility of zinc oxide in alkalis or 
by the insolubility of zinc sulphide. 

The principal insoluble compounds of magnesium are the 
hydroxide, carbonate, fluoride, oxalate, phosphate, and double 
ammonium phosphate. 

Oxide and Hydroxide. — Magnesium oxide, magnesia, MgO, is 
obtained by bunnng the metal in oxygen or by heating the hydroxide 
or carbonate. It is a colourless solid with a high melting-point 
used in one of the processes for magnesium manufacture, in furnace 
linings, and as the incandescent filament of the Nernst lamp. An 
impure oxide is obtained by heating magnesite, the naturally- 
occurring carbonate of magnesium, or by heating magnesium 
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chloride hcxahydratc for a long lime in the air. In contact with 
water it fonns magnc.^ium hydroxide, Mg(OH)2, which can be 
reconverted to the oxide by heating for some time to 400^' or over. 
The hydroxide is a colourless substance precipitated wlien caustic 
alkalis are added to magnesium salt solutions. It is almost 
insoluble in water (solubility-product about io~^^) but is sufficient ly 
soluble to affect indicators, and is a strong base with no trace of 
ac'id properties. It is less soluble in caustic alkalis than in water, 
a characteristic which links magnesium with the alkaline earths 
and distinguish(‘s it from beryllium and zinc. Aqueous ammonia 
(”in be us(‘d instead of caustic alkali for the preci])itation, but if 
-.ufficient excess of ammonium salt is also present the hydroxyl ion 
c oncentration of the solution is so much n'lUiced th.it the solubihty- 
juoduct of the hydroxide is not exceeded and no jirccipitation 
lakes ])lace. do concentrated magnesium solutions a considerable 
c‘xeess of ammonium salt must be added if precijntation is to be 
jirevented. 

Magnesium hydroxide is soluble^ in acids to give? magnesium salt 
solutions, and is also slightly soluble in solutions of arnmoniiini 
salts, which have a slightly acid reaction from hydrolysis. The 
ecpiilibniim is: 

Mg(()H)2-| 2Nll4V2NH.,4-2H.p I Mg-. 

Calculations based on the law of mass-action show that this solu- 
bility is not due to the lormation of a putative animi no-magnesium 
complex ion in appreciable concentration. 

Peroxide.-- Magnesium ])eroxide, MgOa, is pre[)ared by electro- 
lytic oxidation of magnesium salt solutions or by the action of 
h\drog(>n peroxide on a suspension of the hydroxide. It is much 
less stable than the* peroxides of the* alkaline earths, and has never 
bc'en prepared free Irom ccaisiderabh; cpianlities of water and tlie 
lower oxide. 

Nitride. — Magnesium iiitiidcg Mg3N3, is formed when a magnesium 
is hcalc'd in nitrogen. The metal beconu^s incandescc'iit when 
heated in ammonia, and the same compound is produced; 

sMg+aNHj-^Mg^Nj. 1-3112. 

It is hydrolysed by w.atcr with the formation of magnesium 
h\ dioxide and ammonia: 

Mg^Na-f 6 H., 0 - 3Mg(OH)2-f 2NH3. 

Carbonates. — Normal magnesium carbonate, MgCOg.sHaO, dis- 
solves in water to the extent of about i*8 gm. per litre at room 
temperature, and is so very much more soluble than the hydroxide 
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that a solution of sodium carbonate precipitates from solutions of 
magnesium salts a mixture of the carbonate and hydroxide, or 
possibly a basic carbonate. This substance can be converted to 
the normal carbonate by suspending it in water and passing carbon 
dioxide through the liquid. If the current of gas is continued too 
long, the whole of the precipitate redissolves as the soluble 
bicarbonate , Mg (H C O^) g. 

Ammonium carbonate will produce no ])recipitatc in solutions 
of magnesium salts containing ammonia and an ammonium salt 
in excess, if the concentration of the latter is sufficiently high. 
Solutions of ammonium salts have an acid reaction by hydrolysis, 
and this reduces the carbonate ion concentration from the action: 

H 1 COaVUKO/. 

'I'he carbonates of the alkaline earths, however, are considerably 
less soluble than magnesium carbonate, and are invariably pre- 
cipitated under these conditions, a fact winch is made use of in 
the separation of magnesium from theses elements in qualitative 
analysis. 

After heating for some time to, say, 750°, the conversion f)f 
magnesium carbonate to the oxide is complete; it is morti easily 
decomposed by heat than the caibonates of the alkaline-earth 
metals. 

Halides. — These compounds, except the insoluble fluoride, may 
be prepared in solution by the usual methods, but if the hydrates 
produced by cvajioralion are heated, hydrolysis takes place and 
oxyhalides or basic salts are produced. I'he anhydrous com- 
pounds (again except the fluoride) are best prepared by the action 
of the halogen or the hydrogen halide on the metal. When heated 
in air the fluoride is chemically unchanged, but the other halides 
are converted to oxides, e.g.: 

2MgIj2d 02=2Mg0-f 2 L. 

Magnesium fluoride also has a much higher melting-point (1400'^) 
than have the other halides (about 700°). 

Magnesium fluoride, MgFg, is precipitated from magnesium salt 
solutions by soluble fluorides. It is used in one process of magnesium 
manufacture. 

Magnesium chloride, MgClg, is prepared in large quantities as the 
hexahydrate, MgCla.bHgO, by the evaporation of the mother liquors 
remaining when the potassium chloride has been removed from 
carnallite (p. 445). Together with the naturally-occurring carbonate 
magnesite, this is the source of most of the magnesium compounds 
of commerce. Magnesium chloride is also found in sea-water. It 
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is used in magnesium manufacture. It is very soluble in water, 
and on evaporation of the solution an oxychloride, MgO.MgClo, 
remains. A substance of similar com])osition is artihcialty prepared 
by mixing magnesium oxide, obtained by heating magnesite, with 
magnesium chloride hexahydrate, and is used as a cement; for 
when wnter is added to the fmely-ground mixture it sets to a hard 
mass. 

Mac^^ncsium hromidc, Mgl^>r.^, is found in sea-water; it forms 
\ arious hydrates. 

Magnesium perchlorate, MgfdO^lo, prepared from the hydroxirh' 
and perrhlori(' acid, is a very efficient drving agent lor gases. Wlnai 
it has absorbed much water it can be dried bv heating to 240^^. 

Magnesium sulphide, MgS, is a substance which must be pn'- 
]>ared m the dry wxiy, as for instance bv the union of the elements, 
^mce it IS hydrolysed by water. Neither hydrogen suljihide nor 
ammonium sulphide produces any precipitate m solutions ol 
magnesium salts, and if h^’drogen sulphide is bubbled through a 
sus])ension of the hvhaixide th(‘ latter dissolves to form tin* soluble 
liydrosulphide: 

Mg(On)2 f-2H2ST^Mg”4 2SI1'+2HA 

On boiling, the (hange is reversed: magnesium hydroxide is 
])recipitated and hydrogen sulidnde evolved. 

Magnesium sulphate, MgSO^. occurs native' in the hydrated iorm 
.1^ I'lcscritc, MgS04.Ho0, and F.psom salt, MgS04. 711 ^ 0 . Solution^ 
or hydrates (\iu be made witliout ditli('ulty by the usual methods, 
but if the attempt is made to drive olt all the water of crystallization 
by iieatmg, the substance begins to decomjiosc into the oxide. 
Magnesium suliihate is used in medicine (as a purgative) ami in 
dyeing. 

Magnesium nitrate, Mg(N()3).2.()M./), can be prt'partnl in solution, 
or in the form of various hydrates, by the usual methods; but, 
like the sulphate, it cannot be prepared in the anhydrous state. 

Magnesium ammonium phosphate, (NH,)MgP04.f)H.X), is a 
colourless comjiound precipitated from solutions of magnesium 
salts by ammonium dihydrogen phosphate, (NH4)HoP04. Mag- 
nesium IS usually precipitated in this form for the purpose of 
quantitative analysis. On stiong heating, magnesium pyrophos- 
phate, Mg2T\>07, remains and can be weighed: 

alNHJMgPO^.OH^O - - Mg.,P.A+2Nl I3 f + idH^O j. 
Magnesium boride (p. 522). 

Magnesium siheide (p. 582). 
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SujiGROur A 

Calciitm, Stkoniium, Kakium, [Radium I 


c:a - 

40-08. 

Atomic Number, 20 

Sr 

87-63. 

Atomic Number, 38 

Bm 

i 37 - 3 (). 

Atomic Number, 5b 

[Iki- 


Atomu Number, 88 


History. — Lavoisikj^ su^gc^sled that all the substances known 
colk'c lively as earths were in reality metallic oxides. Davy (1808) 
])re}>ared impure calci\im by electrolysinj:; lim(^ in the ])res(‘nce of 
mercury as rath ode, subs(iqneritly distilling; off the mercury in a 
tube filled with petroleum vapour. Moissan (1898) obtained 
metallic calcium of qq p(‘r cent purity by strongly heating calcium 
iodide with sodium. 

Strontia was recognized as a distinct earth in 17(^3 by Hope, who 
obtained it from a mineral resembling heavy-spar (see below) 
found at Strontian in Argyllshire; Crawford had tcntativ(‘ly 
advanced the same opinion three years earlier. IMetalhc strontium, 
111 ail irniaire stale, was pR‘pan'd in 1808 by Davy, by ek‘ctrolysis 
of the fused chloride. 

Barium, in the form of its sulphate, was first mentioned by 
Casciokolus in 1602 or i()03, who observed that the mineral 
heavv-spar (BaSO^), when heated strongly with clian oal, yieldt'd 
a substance that glowed in the dark. This substance (impur(‘ 
BaS) was known as the ' Bolognan stone.' Schio'.le (1774) 
concluded that a peculiar earth was the basis of heavy-spar, and 
DK Mokveau suggested the name haroic (aftorwaids changed to 
baryta) for it. The impure metal was first obtained m 1808 by 
Davy, who electrolysed the fused chloride. 

[k'or the history of radium, see p. 304. | 

Occurrence. — Calcium is one of the most abundant of the elements, 
and occurs in nature chiefly as the carbonate, in the form of lime- 
stone, chalk, marble, calcitc, aragouitc, Iceland spar, etc., or in 
combination with magnesium carbonate as dolomite, CaCOa.MgCO^, 
Calcium sulphate occurs in nature as anhydrite, CaSO^, or in the 
hydrated form as gypsum or alabaster, both CaS04.2Ho0. Calcium 
silicate is a constituent of many rocks. 

Calcium is essential to the life of both animals and plants. In 
animals it is contained chiefly in the bones, of which about four- 
fifths is calcium phos])hate, and both calcium and phosphorus, 
though not, of course, in the elementary state, are given to children 
whose bone development is retarded. Calcium fluoride is contained 
in the teeth, and causes them to fluoresce when exposed to X-rays. 
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StronUum is one ot the less common elements, and is the least 
abundant of the alkaline-earth elements. The principal strontium 
minerals are sir onti unite, SrCO^, and celestine, SrSO^: they are 
widely distributed in small quantities. 

Barium occurs lairly abundantly in nature as witherite, BaCOj^. 
or barytes or heavy-spar, BaS04, niany silicates, and in smaller 
quantities in other minerals. Barium compounds do not occur 
in noticeable quantities in the human body: indeed, they are 
poisonous. 

After the alkali-metals, and excluding 01 course the inert gases, 
the metals of the alkaline earths are the most homogeneous sub- 
group of the periodic table. Like the alkali-melals, they are highly 
electropositive and chemically reactive, and they have low den- 
sities. The valency is always two and the tendency ot the metal to 
ionization, as shown by its standard electrode potential, increases 
as usual with the atomic number, while the contrary app)lies to the 
tendency to iorm hydrates, covalent comp)ounds and complexes. 
The tendency to form complexes or covalent compounds is slight 
throughout the subgroup, but some calcium salts, such as the 
chloride or nitrate, have a high solubility in such solvents as the 
alcohols, which is much less marked with strontium and is absent 
with barium. 

The solubility of the salts in water, expressed in gram -molecules 
per litre, in this group usually increases with the tendency Lu form 
hydrates, that is, from barium through strontium to calcium, but 
the solubilities of the hydroxides, fluorides, and oxalates (all salts 


of weak acids) lie m 

the reverse 

order, while the carbonate solu- 

bilities are irregular. 

Examples (solubilities 

in grams anhydrous 

salt per loo-gm. solution at 20°): 




Chloride 

Sulphate 

Fluoride 

Calcium 

43 

-20 

•0016 

Strontium 

35 

15 

•012 

Hanum 

26 

•0002 

It) 


All the alkaline earths colour the Bunsen flame: calcium brick-red, 
strontium crimson, barium green. The two latter colours are 
used in fireworks. 

Metals. — ^Calcium is now prepared on a large scale by electrolysis 
of the fused chloride. Since calcium chloride, when pure, melts 
at 780° and the metal at only 810^, the process offers great technical 
difficulties. These have been overcome only in recent years, by 
water-cooling the melt round the cathode, by withdrawing the 
cathode from the melt as it grows, and by using impure calcium 
chloride, which melts at a lower temperature. The nature of the 
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process will be clear from the diagram: the anode is the graphite 
lining of the contnining vessel. 

The other alkaline-earth metals have been made only in the labora- 
tory. They are best prej^ared from the amalgam by distilling off 

the mercury in an inert atmosphere: 
a process which, as already men- 
tioned, was first carried out by Sir 
Humphry Davy. The amalgam is 
prepared by electrolysing an aqueous 
solution of one of the .salts with a 
mercury cathode. It is difficult to 
drive off all the mercury. The metals 
can also be prepared by heating the 
oxide or chloride with aluminium or 
sodium. 

The metals of the alkaline earths 
arc silvery-white substances, rather 
harder than lead and with a low density. They are rapidly 
tarnished in air, forming surface layers of oxide and nitride, and 
burn brightly when heated in air or oxygen. They are chemically 
very reactive, resembling in this the alkali-metals, and liberate 
hydrogen vigorously from water, though the action of cold water 
on calcium is slow on account of the formation of a protective^ 
layer of hydroxide. They are powerful reducing agents, and will 
reduce hydrogen chloride to hydrogen, most metallic salts to the 
metal, carbon monoxide to carbon, and concentrated sulphuric 
acid to sulphur and sulphur dioxide or hydrogen sulphide. 

Now that calcium can be obtained cheaply, it is coming into use 
in the laboratory as a reducing agent and for removing nitrogen or 
hydrogen from gases. In metallurgy it is used as a deoxidizer, 
and, together with aluminium, in the preparation of certain new 
light alloys. It is a convenient substance to use for the dehydration 
of alcohol. 

Hydrides. — The alkaline-earth metals combine with hydrogen, 
slowly at room temperature and with incandescence on heating, 
forming hydrides of formula CaH^, SrHa, BaHg. These are white 
cr3^stalline substances with high melting-points, and are more 
easily formed than the alkali-metal hydrides. They can be melted 
in a hydrogen atmosphere without loss of weight, but at higher 
temperatures begin to dissociate. The hydrides of the alkaline 
earths increase in stability with increasing atomic number of the 
metal, whereas the reverse is true of the alkali-metal hydrides. 
They are electrovalent and contain negative hydrogen; thu.s the 
electrolysis of fused calcium hydride yields calcium at the cathode 
and hydrogen at the anode (compare lithium hydride, p. 436). 


Olcuim. 

ca.tJu’>cle> 


Graphite 

Untrig^ 

anode 



I'lG 


Fused, 
calcium 
cKWiitc 

I J 7 M A NUF AC TU R E OF 

Calcium 
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They can be gently heated in air without alteration, but at a red 
heat burn brilliantly, forming the oxide of the metal and steam : 

CaH.+Og-CaO-fHoO. 

With water they lii)erate in all twice as much hydrogen as they 
contain : 

CalI,+2l-LO^Ca(OH),+2H2 f , 

and the heat developed is sometimes enough to ignite the hydrogen. 
On strongly heating the hydrides in nitrogen the nitrides are 
obtained, e.g. : 

3BaIU+N.,^^Ba3N,+3H,. 

The hydrides are very powerful reducing agents. 

Oxides and Hydroxides. — The oxides are usually ])repared by heating 
the carbonates, a process sometimes d(\scribed as ' burning' them: 
CaCO^^CaO+CO, f . 

At room temperature the equilibrium pressure of carbon dioxide 
over all the carbonates is very minute — much less than the partial 
pressure of carbon dioxide in ordinary air — and at this temperature 
the oxides will readily combine with carbon dioxide, the action 
being nearly conqilete. The o(|uilibrium pressure of carbon dioxide 
over calcium carbonate reaches ybo mrn. at 890°, but strontium 
and barium carbonates require a higher temperature, and their 
decomposition is usually assisted by adding a reducing agent such 
as carbon. The carlionates can of course be decomposed at much 
lower temperatures if the carbon dioxide is allowed to leave the 
system as it is produced. 

Calcium oxide, ' quicklime,' is produced industrially by heating 
limestone in a lime-kiln, which is often heated by producer-gas. 
The process can be made continuous, limestone being added at 
the top and lime withdrawn at the bottom. When quicklime is 
mixed with a little water a vigorous action takes place and sufficient 
heat is liberated to boil some of the water: a dry powder of calcium 
hydroxide, ‘ slaked lime,' Ca(OH)2, remains. If the quicklime con- 
tains much magnesium oxide, or if it has been heated to a very 
high temperature, combination with water takes place only slowly. 
The oxide, of strontium and barium likewise combine with water 
to form hydroxides, which, unlike calcium hydroxide, form stable 
hydrates such as Ba(OHl2-8H2G. 

The oxides of the alkaline-earth metals are white solids with ven 
high melting- and boiling-points: calcium oxide melts at 2550° and 
boils (in the electric arc) at about 3400°. Wlieii heated in the 
oxy-hydrogen flame it remains solid and gives out a very bright 
white light, tlie ‘ limelight.' The oxides can be reduced onl}- 
with the great e.st difficulty. 



492 THEORETICAL AND INORGANIC CHEMISTRY 

The hydroxides differ greatly in their solubility in water. The 
solubility in grams of hydroxide (unhydrated) per loo gm. solution 
at 20'* is as follows: Ca(0H)2, o-i6; Sr(0H)2, o*6i; Ba(0H)2, 17. 
The solubility of calcium liydroxide decreases with rising tem- 
perature, whereas the solubilities of strontium and barium 
liydroxides increase, and the latter is very soluble in hot water. 
All the hydroxides are sufficiently insoluble to be precipitated from 
their cold solutions by caustic alkali, if the concentrations are high 
enough; the solution of calcium hydroxide is called ' lime-water,' 
that of barium hydroxide ‘ baryta.' The hydroxides all retain 
water tenaciously. Slaked lime is converted to quicklime at a 
red-heat, but barium hydroxide requires a temperature of about 
goo"" for reasonably rapid conversion. AU the hydroxides are 
strong bases, and baryta is used as a vohirnctric reagent, but it 
must be protected from the carbon dioxide of the air, which 
precipitates barium carbonate. For the same reason baryta 
is the best solution for the preparation of pure hydrogen by 
electrolysis. 

Ln the laboratory calcium oxide is used to remove water from 
substances whic'h combine with calcium chloride, e.g. ammonia or 
alcohol. For this purpose it should be freshly heated before use. 
When required in industry it is usually manufactured on the spot. 
It is used in the manufacture of sodium carbonate (Solvay process), 
caustic soda from sodium carbonate, calcium carbide, bleaching 
powder, glass, mortar, cement, and other materials; and as a furnace 
lining. Mortar is a mixture of calcium oxide, water, and sand; it is 
freshly made just before use, and sets in the air to a complex mixture 
of calcium carbonate and silicate. Portland cement was invented 
in 1824 by a bricklayer named Aspdin; it is made by strongly 
heating a mixture of limestone and clay in the proportion of about 
three to one. The product is ground fine and when mixed with 
water rapidly sets to a hard mass. 

Soda-lime is made by mixing powdered lime with molten caustic 
soda; it is a mixture of sodium hydroxide with calcium oxide and 
hydroxide. It does not deliquesce like caustic soda and is a 
convenient absorbent for carbon dioxide. In the war of 1914-18 
it was used in gas masks to absorb chlorine. 

Strontium oxide is u.sed in the purification of sugar from molasses, 
from which it precipitates an insoluble compound, ' strontium 
saccharate.' This is w^ashed and decomposed by carbon dioxide 
and water: 

‘ Strontium saccharate -f carbon dioxide = sugar -f strontium 
carbonate. 

The less soluble strontium carbonate is removed from the solution 
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and the strontium oxide is recovered by heating it. Calcium oxide 
has been used for the same purpose, but calcium saccharate is more 
soluble. The use of barium is undesirable on account ol the 
poisonous proi)erties of barium salts. 

Peroxides. — All the alkaline-earth metals form peroxides of 
lormula MOg, insoluble or slightly soluble m water, and precipitated 
iioni solutions of salts of the alkaline earths by hydrogen peroxide 
in alkaline (e.g. ammoniacal) solutions, or by a solution of sodium 
])eroxide: 

Ca‘ -fHAT20Fr-Ca0.,; +2II2O. 

Ca*'-|-Na20.^=Ca02 I -f2Na\ 

a\11 are white solids that on strong heating decompose into oxj^gen 
and the normal oxide, but very dilfcrent temperatures arc refiuircd. 
While the pressure of oxygen in equilibrium with calcium and 
strontium oxides exceeds one atmosphere at low temperatures, 
with barium oxide a pressure of one-fifth of an atmosphere is not 
leached till about 700°. Consecpientl^^ the peroxides of calcium 
and strontium are decomposed by heating (calcium peroxide de- 
composes rapidly at 280°), whereas barium peroxide is stable in 
air up to about 700°, when the equilibrium ])ressure of oxygen is 
equal to the partial pressure of oxygen in the atmosphere. At 
lower temperatures barium oxide will take up oxygen from the air, 
though the velocity of this reaction at room temperature is im- 
measurably small. At about 100° it is, however, fairly rapid, and 
this was the basis of the old Brin process lor oxygen manufacture. 
Barium peroxide was made by gently heating barium oxide in the 
air and then decomp)osed by reducing the pressure, which was 
cheaper than heating to above 700°. 

When precipitated from cold solutions all the peroxides appear 
as octa-hydrates such as BaOg.SH.^O. They arc insoluble in 
alkalis, but with acids give hydrogen peroxide and a salt : 

Ba02“f~2H =-Ba 

This reaction was formerly used in the preparation of hydrogen 
peroxide. When barium peroxide is treated with dilute sulphuric 
acid it is converted to the much less soluble barium sulphate, but 
the action is a slow one and slightly reversible: 

BaOj ^ -j-HsSO^^BaSO^ ^ -f-H202. 

Barium peroxide can be estimated by treating it with fcrricyanides, 
with which mutual reduction takes place, the products being 
oxygen and a ferrocyanide : 

Ba02+2Fe(CN)e'"=-Ba +O 2 f +2Fe(CN)e'"\ 
Carbonates. — The carbonates ol all the alkaline-earth metals 
occur in nature. Calcium carbonate occurs in several forms which 
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have already been mentioned. Among them is Iceland spar, which is 
sometimes found in fine large crystals remarkable for double refrac- 
tion. The decomposition of limestone by heat is the source of most of 
the carbon dioxide and quicklime of commerce. In the laboratory 
carbon dioxide is prepared by treating lumps of marble with dilute 
acids, often m Kipp*s apparatus: if a powdered form of the carbonate 
is us('d, the evolution of gas is inconveniently rapid. 

All three carbonates are nearl}/ insoluble in water, strontium 
carl)onale btang the least soluble and calcium carbonate the most; 
but a litre of a saturated solution of the latter at room temperature 
contains only about o*02 giu. They are therefore precipitated when 
soluble carbonates are added to alkaline-earth salt solutions, and 
can be prcci[)itated from these solutions by carbon dioxide if tlie 
solutions are sufficiently alkaline for the carbonate ion concentra- 
tion to reach a reasonable value: 

C02+20HVC03"+H,0. 

A solution of lime-water fulfils this condition, but no calcium 
carbonate can be jirecipitatcd by carbon dioxide at atmospheric 
pressure from a solution of, say, calcium chloride. The solubility 
of calcium hydroxide so greatly exceeds that of calcium carbonate 
that the former can be nearly completely converted to the latter 
by carbon dioxide and water or by carbonates: this is the basis 
of one method for making caustic soda from sodium carbonate 

(p- 438): 

Ca(OH)., I +C03'^CaC0:, 4. +2OH'. 

The calcium carbonate precipitated by carbon dioxide from lime- 
water is seen to redissolve if the stream of gas is continued. This 
is due to the formation of the soluble bicarbonate, Ca(HC03)2, as 
follows : 

CaC03 i -f C02+H,0^"Ca- +2HCO3'. 

If the solution is boiled it decomposes, like all bicarbonate solutions, 
and the carbonate is reprccipitated; the action represented by the 
equation just given simply goes in the opposite direction. This 
is because the active mass of the carbon dioxide in the solution is 
extremely small owing to the low solubility of the gas in hot water. 

Nitrides. — These comp^ounds are prepared by heating the element 
in nitrogen. They have formulae such as CayNg, and are decomi)osed 
by water or steam with the formation of ammonia: 

Ca3N2-f6H.,0=2NH3 f +3Ca(OH)2 

Halides. — The halides of the alkaline - earth metals are salts 
that can be prepared by the usual methods. With the exception 
of the fluorides, they all show evidence of covalency, though in 
the main they are electro valent compounds. The evidence for 
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covalency is (i) considerable variation with dilution of the transport 
number; (2) solubility in organic solvents; (3) low melting-})oint 
in comparison with the fluoride. This tendency is much more 
pronounced with calcium than with barium; strontium is inter- 
mediate but inclines to calcium. The melting-points, some of 
which are based on rather uncertain data, arc shown in the table 
(m degrees C.) : 

I'hioride Chloride Bromide Iodide 
CalciuTii *330 ybo 740 

Strontium > 1450*^ Sjo (.40 500 

Barium 12S0 740 

In the nt'arly insoluble fluorides the solubility increases from 
('alcium to barium, m the other halides the reverse order is followed. 

Calciuni fluoride. CaFg, occurs in nature as crystals 
of Jhiorspar. scanctiiues brilliantly coloured and in Derbyshire 
known as ‘ blue john ’ or ‘ green john.' It is the piinci])al 
‘>oiirce ol fluorine compounds, and is also used in some optical 
apparatus, as it is traiispaient m the inJra-red and ultra-violet 
legions of the spectrum. 

The scjlubihty of all three fluorides is very slight, and they can 
be precipitated with a soluble huoiide fiorn solutions of salts of the 
alkaline-earth metals. Calcium fluoride is sufficiently insoluble 
to be used in the quantitative analysis of fluorides. 

Calcium chloride, CaCh, is produced in very large 
quantities as a by-product oi several industTial processes, notably 
the Soh'ay process. It is exceedingl}^ soluble in water, with which 
it forms hydrates containing one, two, four, and six molecules of 
whaler per molecule oi calcium chloride. Its solubility in gram- 
molecules per litre is so high that it is often used in the preparation 
of freezing-mixtuics; the eutectic mixture freezes at — 55^' and 
contains about 40 gm. anhydrous salt per 100 grn. w'ater. A 
saturated solution boils at 180'’. Calcium chloride has been used 
lor melting ice on the stretds. It deliquesces rapidly in the air, 
and is much used in the laboratory as a drying agent for gases, 
though it is not as efficient as sulphuric acid or phosphorus pent- 
oxide. It cannot be used for drying ammonia, as it combines 
avidly with the gas, forming a compound CaClj,.8NH.,. Similarly, 
It must not be employed in drying aminos, such as aniline. Formerly 
a waste product of chemical industry, it now finds a wide range of 
industrial and commercial apiilications. 

The transport number of the chloride ion m calcium chloride 
solutions varies from 0*55 in very dilute solutions to 0*72 m con- 
centrated ones, and this is evidence for the existence of undissociated 
molecules or complex ions. Strontium and barium chlorides show 
less variation. Calcium chloride is very soluble in the alcohols. 



^f/) THEORETICAL AND INORGANIC CHEMISTRY 

with whicli it (Dims inolocular compounds; strontium chloride is 
l('ss soluble and barium chloride scarcely dissolves at all. 

When the chlorides ar(‘ fuse‘d in air, a trace of oxide is found in 
the pndnet; this is due not to hydrolysis but to reaction with 
atm()si)h('i 1 C oxygen : 

2 CaCl> i O, -CaO-l 2 (d,. 

Die change is most marked with calcium and least markrd with 
bai Him. 

11 anhydrous calcium chloride is dissolved in water heat is given 
out, and it might be supposed from Lf. Ch vtelifr's rule that the 
solubility wxmld decreas(‘ with rising tcm]HTatnr(‘. This is not 
so, as the solution at this tempeiaturc is in e(jiulibnuin not with 
the anhydrous salt, but with the hexahydrate. If the lieat of 
iormation of the hexahydrate from the anhydrous salt 's subtracted 
from the total heat of solution, the result is negative; and heat is 
absorbed, as would be (‘xpected, when the hcxahydrat(‘ dissolves. 

'the bromides and iodides are all very soluble in water, and all 
form hydrates. The calcium and stiontium salts dissolve in 
alcohol, but the barium salts are less soluble. 

Bleaching-powder is a rather dirty white powder made by the 
action ol chlorine u])on ticarlv dry slaked hmc (the proportion of 
moisture is not allowed to exceed 4 per cent). In Baciimann’s 
jirocess the slaked hint' is blown to the top of a chlorinating tower by 
means of compressed air, and is distributed to the highest floor of 
the tower through a lioppeT. It then falls to successive lower floors, 
on each of which it is mechanically raked, while a current of chlorines 
is driven up the tower m the opposite direction. Conditions arc' so 
adiusted that by the time the ])roduct reaches the last floor it is 
fully chlorinateci. Hot air is ncjw blown through it to remove free 
chlorine, and the blcaching-powder falls into a ho] 4 )er from which 
it ('an be delivered into containers. 

Bleaching-j)Owd(‘r (‘ chloride of lime *) is a mixture of calcium 
hypochlorite, Ca(OCl) 2 , with basic calcium chloride vionohydratc, 
CaCl2.Ca(0H)2.H20. Its formation may be represented by the 
equation : 

3ra(0H)2+2Cl3-('a(0Cl)2+CaCl2.Ca(0H)2.H.>0 ! H.O. 

The main reaction is, however, accompanied by side-reactions, so 
that impurities are always present. These include calcium chlorate, 
Ca(C 103 ) 2 , and calcium chloride tetrahydrate, CaClg.qHgO, as well 
as some unchanged slaked lime. 

When dilute acids act upon blcaching-powder, chlorine is evolved : 

Ca{0Cl)2+CaCU.Ca(0H).,.H20 l-dHoSO^:^ aCaSO^d 5H20+2C12 

ra(OCl)2-( CaCl2.Ca(OH)2.H20+6HCl-3CaCl2+5H20 f 2Cl2. 
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A calculation will show that a mixture of the composition assigned 
to bleaching-powder should liberate 41 per cent of its weight of 
chlorine, and this is the approximate actual yield from a very good 
specimen. The ordinary commercial product contains 36-40 per 
cent of such ‘ available * chlorine, i.e. chlorine set free by the action 
of a dilute acid. If the lime is insufficiently chlorinated, the product 
naturally contains a lower percentage of available chlorine. 

On exposure to air, bleaching-powder gradually loses chlorine, 
owing to the action of carbonic acid (atmospheric moisture and 
carbon dioxide); 

Ca(OCl)2H HoO-bCOo-CaCOaT 2I ICIO 
2HCI6-2HCI 1 Oo 
HCIO bH(T-H 20 -l-Cl 2 . 

It should therefore be preserved in air-tight tins or bottles; but 
even so it slowly deteriorates, paitly by loss of oxygen from the 
hypochlorite; 

Ca(OCl)2-CaCU-l O., 

.'ind ])artlv by spontaneous conversion of the hypochlorite into 
chlorate and chloride; 

3(:.a(OCl)2 -Ca(n 03 ) 2 + 2 CaCl 2 . 

The decomposition of the hypo(iiloritc into chloride and oxygen 
is cataly^('d by cobalt salts. If a suspension of bleaching-powder is 
heated with a little cobalt nitrate solution a vigorous evolution of 
oxygen ocaairs. It is thought that the mechanism of this catalysis 
may be the alternate fonnatioii and decomposition of cobalt 
])eroxide • 

2CoO-f Ca(OCl)2- -2('()0.> CaClg 

2C(»02 - 2CoO“l O.,. 

The original cobaltous oxide, CoO, is formed by the action of the 
lime in the bleaching-powder; 

Co(N 03)2H Ca(011)o-CoO + Ca(N 03 ) 2 +H 20 . 

A fabric to be bleached is steeped in a dilute solution of bleaching- 
powder and then exposed to the air for some time. Atmospheric 
‘ carbonic acid ' liberates hypochlorous acid, HCIO, from the 
bleaching-powder, and this destroys the colouring matter. The 
fabric is then rinsed in water acidified with a little sulphuric acid, 
to decompose any unchanged bleaching-jiow^der, and is after- 
wards placed in an antichlor bath. Finally it is thoroughly washed 
in water. 
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The available chlorine in bleaching-powder may be estimated by 
taking a known weight of the sample, mixing it in solution with 
excess of potassium iodide, and acidifying witli acetic acid. The 
chlorine liberated from the bleaching-powder bv the acid displaces 
from the iodide an equivalent weight of iodine, which can be 
estimated with standard sodium thiosulphate: 

1 litre N/ic gm. I=^3-55 gm. chlorine. 

Owing to its strong oxidizing power, bleaching-powder is a good 
germicide and is widely used as a disinfectant. 

Calcium iodate, Ca(I 03 ) 2 , is used as a preservative of food. It 
is more efficient than boric acitl, and is good for the health, which 
boric acid is not. 

Sulphides. — These comjiounds are pirepared (i) by union of the 
elements; (ii) by heating the oxide in a stream of hydrogen sulphide 
(the action is reversible) : 

Ca0-fH2S^CaS-fH20; 

(iii) by reducing the sulphates, as for instance with carbon. This 
reaction is used in the preparation of barium compounds from the 
insoluble heavy-spar (BaSOJ, which is heated with coal: 

BaS 04 + 4 C— BaS“f- 4 C 0 f . 

The mass is then extracted with water and the barium goes into 
solution as hydrosulphide: 

2BaS+2H.20--2Ba*4-2SH'+20H'. 

Hydrosulphides such as Ca(SH )2 arc also produced in solution when 
hydrogen sulphide is passed into suspensions or solutions of the 
hydroxides : 

HaS+OH'-HS'+H.O. 

The monosulphides are colourless solids that have the power 
of glowing in the dark if certain impurities are present; the pure 
sulphides do not phosphoresce. The monosulphides are almost 
insoluble in cold water, but if the temperature is raised they are 
hydrolysed, the first products being hydrosulphides. Hydrosul- 
phide solutions are decomposed on boiling into hydroxide and 
hydrogen sulphide: 

HS'-blL^O-H^S t +OH'. 

Calcium sulphide is slowly oxidized to thiosulphate by air and 
water, and most of the sodium thiosulphate of commerce is obtained 
in this way from the calcium sulphide which is a by-product of the 
old Leblanc process for the manufacture of washing-soda. When 
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Jicatftd in oxygen, the sulphides of the alkaline-earth metals are 
easily converted to sulphates: 

CaS-[- 202 =CaS 04 . 

Polysulphides such as or CaSr; can be obtained by boiling 
Ihc sulphide or hydrosulphide solutions with sulphur. The alkali- 
metals and ammonium, w'hose monosulphides are also soluble in 
water, form similar compounds, which apj)ear to contain neutral 
sulphur atoms combined with a bi\\alent sulphide ion to form a 
bivalent complex ion. 

Sulphates. — All three sulphates occur native, and as they are 
all nearly insoluble in water they can also be precipitated by soluble 
sulphates from solutions of alkaline-earth salts. The approximate 
solubilities have alreadv been given (p. ^cScj). A saturated solution 
of calcium sulphate will form a precipitate with barium solutions 
or reasonably concentrated strontium solutions, and is used in 
distinguishing these elements from calcium. Barium sulphate is 
i\ \Try insoluble substance and is much used in quantitative analysis, 
li is, however, .soluble in concentrated sulphuric acid (150 gm. per 
litre in the 98-per-ccnt acid at 25^^), with which it forms the hydrogen 
sulphate, Ba (11804)2. 

When gypsum, CaS04.2H20, the naturally-occurring dihydrate 
of calcium sulphate, is licated at no® it is converted to the hemi- 
hydrate 2CaS04.H20, called plaster of Paris. If this substance, 
111 the form of a very fine powder, is mixed to a paste wdth W'ater, 
it .soon swells a little and sets to a hard mass of the dihydrate, 
d'his properl y is put to use in making casts of objects and in making 
plaster for other purposes. If too strongly heated, say at 200°, 
gypsum is converted to anhydrous calcium sulphate, which takes 
up water only very slowly and is not suitable for the preparation 
of quick-setting plaster. 

Natural anhydrite is used in the manufacture of ammonium 
sulphate from synthetic ammonia. A saturated solution of am- 
monia is agitated with fmely-powdered anhydrite, CaS04, while 
carbon dioxide is bubbled through the liquid, forming a carbonate, 
since the ammonia keeps it alkaline. The solubility of calcium 
sulphate at ihe working temperature is about a bundled times that 
of calcium carbonate, so tlic action : 

CaS04 I +CO3 V^CaCOa | +SO4". 

goes almost wholly to the right. 1'he calcium carbonate is removed, 
and used to make calcium nitrate with synthetic nitric acid, while 
the ammonium sulphate is recovered from the solution by evapora- 
tion. This process is used at Billingham-on-Tees. 

Nitrates. — The nitrates, such as Ca(N03).2, are prepared by the 
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usual methods, and calcium nitrate is prepared on the large scale, 
as described above, foi use as a ferlilizer. Since barium nitrate is 
not very soluble in water, it can be precipitated from concentrated 
barium solutions by nitric acid or other soluble nitrates, but stron- 
tium and calcium nitrates are both deliquescent and exceedingly 
soluble in water. The high solubility of the calcium salt is a 
disadvantage when it is used as a fertilizer, as it is so quickly 
washed from the soil by rain. Calcium nitrate is also very soluble 
in the alcohols, whereas strontium and barium nitrates are nearly 
insoluble. All three nitrates decompose on strong heating, giving 
a mixture of gases and the oxide of the metal. 

Phosphates. — Calcium orthophosphate, Ca3(POj)2, occurs in bones 
and is found native in various parts of the world, especially in Tunis 
and the United States. Guano, the droppings of sea-lhrds, after 
long exposure to the atmos])here consists principally of calcium 
phosphate. Calcium phosphate is a valuable manure, but since 
the mineral forms of the substance arc insoluble in water the 
crushed ore is conv^erted by sulphuric acid to a mixture of calcium 
sulphate and calcium superphosphate, a substance with the formula 
CaH4(P04)2, which is soluble in water: 

Ca3(P0j2-l-2H2S04=2CaS0,-fCaH4(P04)2. 

The mixture is .sold and applied direct to the land. 

(\dcium phosphate (from bone-a.sh) is used in the manufacture 
of phosphorus (p. 6i6) and of table salt (p. 446). The normal 
phosphates of strontium and barium arc likewise insoluble, and all 
three are precipitated by soluble phosphates from solutions of salts 
of the metals. 

Chromates. — Barium chromate, BaCrO^, is practically iii.soluble, 
strontium chromate very slightly soluble, and calcium chromate 
fairly soluble. At 18° the solubilities in grams per litre are: 
BaCr04 0-004, ^iCr04 i-2, CaCr04 23-2. Tins is made use of in the 
separation of the elements of the subgroup. 

Separation of the Alkaline-earth Metals. — The principal methods 
are based on : 

(i) The insolubility ot barium chromate. 

(ii) The insolubihty of calcium fluoride. 

(iii) The insolubility of barium sulphate 

(iv) The insolubility of strontium and barium nitrates in alcohol, 
m which calcium nitrate is soluble. 

The insolubility of calcium oxalate is also frequently made use of 
in analysis. 
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Subgroup B 

ZiNx, Cadmium, Mpkcury 

Zn 65*38. Atomic Number, 30 
Cd =^^112*41. Atomic Number, 48 
^200*61. Atomic Number, 80 

Tlic general characteristics of the subgroup have already been 
discussed : but there is a much wider variation between the elements 
than occurs in Subgroup A. Cadmium resembles zinc much more 
than it does mercury, which is in many respects unique among the 
elements, and must be sej^arately considered. The principal com- 
] ilexes, excluding auto-complexes, are those with ammonia (e.g. 
Zn.4NHj,” or lIg.zNHa"), with cyanides (e.g. Zn(CN)4" or undLs- 
sociated Hg(rN)2), and with halides (e.g. Cdl4"' or Hgl4'';. 

The compounds of all these elements are poisonous, especially 
those of mercury. 

Zinc and Cadmium 

History. — Though brass was known at least a thousand years 
before the Christian era, the term zint, as the name lor a distinct 
metal, seems to have been invented by Paracelsus (1493-1541). 
In his Liber mineral lum he savs that ‘ there is another metal, 
zinckum, which is in general unknown to the fraternity,* but admits 
that he is as yet unacquainted with its ultima materia. Henckel 
(1720) piejiared metallic zinc comparatively tree from impurities, 
and by 1740 Champion had established at Bristol a works for 
extracHng the metal from calamine (ZnC03). 

Cadmia (CdO) was discovered by Stkuhmevkr in 1817, in the 
dust in the condensers of a zinc works at Salzgitter. Karstkn 
(i8i(^) showed that the new element was present in the zinc ores 
of Silesia, and the metal itself was shortly afterwards prepared by 
Strohme\xr by reduction of the oxide with charcoal. 

Occurrence. — Zinc is an abundant element produced principally 
m the United States, Germany, Great Britain, Poland, and Belgium, 
where it occurs as zinc spar or calamine, ZnCOg*, zinc blende, ZnS, 
willemite, Zn.2Si04, and in other nuneials. Cadmium is much less 
common ; nearly all the cadmium of commerce is extracted from zinc 
ores, and the only important cadmium mineral is greenockite, CdS. 

Elxtraction. — Zinc ores arc first roasted in the air. The sulphide 
is converted to oxide, and evolves sulphur dioxide, which in large 
works is sometimes recovered, while the carbonate is also converted 
to oxide with the loss of carbon dioxide: 

2ZnS+302=2Zn0+2S02. ZnCO^=ZnO -J CO,. 
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The silicate loses the water associated with it. This treatment 
also helps to remove any arsenic or antimony in the ores as the 
volatile oxides. 

The product of the first op(Tation is mixed with coal and distilled 
in small fireclay retorts which are heated by producer-gas. The 
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zinc distils over and is collected in iron condenstTs luted (i.e 
cemented) to the retorts, while the carbon monoxide passes up 
the cliimnev: 

ZnO+C-Zn ! CO f . 

It usually burns at the mouth of the condenser, and the appearance 
of the tlame helps the works engineer to follow the progress of the 
distillation. 

The zinc obtained in this way is then refined by electrolysis. 
The standard electrode potential of zinc is —076 volts (Hg- o), but 
the over-voltage of hydrogen on a smooth zinc cathode nearly 
reaches this figure, and consequently zinc can be elect roly tically 
deposited if the acidity of the .solution is kept low enough. 

Cadmium boils at 780"’ and zinc at 920°, so that when zinc ores 
containing cadmium are distilled the first fraction consists almost 
entirely of cadmium. A good deal of cadmium oxide is also 
commonly found in the condenser, so the distillate is mixed with 
coal and again fractionally distilled. 

Metals. — Commercial zinc (‘ spelter ’) contains cadmium, iron, 
lead, and sometimes arsenic. It is clifTicult to purify, but may be 
distilled xn vacuo or purified electrolytically. The volatile zinc 
ethyl, Zn(CjjH5)2, has also been used in the preparation of yiure 
zinc compounds. 

Crystals of pure cadmium may be obtained by adding zinc, which 
precipitates the less electropositive cadmium from its solutions, 
to a solution of a good specimen of cadmium sulphate. 

The metals are greyish -white and are fairly soft, especially if 
pure. The physical properties of zinc depend very much on its 
state of purity, and this also affects the velocity of chemical changes 
in which it takes part. It is .supplied to the laboratory as foil, as 
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zinc dust, or as granulated zinc, obtained by pouring molten zinc 
into water. Zinc is tolerably malleable, but must be warmed 
before it is drawn into wire. 

Zinc and cadmium are stable in dry air, but in moist air become 
coated with a film of oxide and carbonate which prevents further 
attack of the metal. Iron is protected from rusting by covering 
it with a layer of zinc; this is done either electrolytically or by 
dipping the iron in molten zinc, and the product is called ‘ gal- 
vanizecl iron.' In the air molten zinc and cadmium are quickly 
covered with a layer of oxide, and if heated in oxygen they will 
burn. They will slowly decompose boiling water, but they soon 
become covered with a film of hydroxide, and zinc will not readily 
liberate hydrogen from any dilute solution — acid or alkaline — 
if tlie metal is very pure. This is connected with the high over- 
voltage of hydrogen at a zinc cathode, for which no explanation is 
quite generally accepted. 

Zinc and cadmium dissolve in acids to form solutions of their 
salts, and will also dissolve slowly in solutions of caustic alkalis, 
but cadmium is not attacked to the same extent as zinc. Both 
metals will liberate a little hydrogen from solutions of ammonium 
salts, forming complex ions (Zn.qNHa)” and (Cd.bNHa)**. With 
hot concentrated sulphuric acid, sulphur and hydrogen sulphide or 
sul])hur dioxide are obtained. 

Uses. — Zinc is used in the manufacture of galvanized iron, in 
alloys such as brass and coinage metals, and in electric batteries; 
It is the cJieapest of the more electropositive metals. In the 
laboratory it is used as a reducing agent, chiefly in analytical and 
organic chemistr^^ Cadmium finds a limited use in the manufac- 
ture of fusible alloys, of standard cells, and in plating the bright 
[)arts of motor cars and bicycles. Cadmium is touglier and less 
easily corroded than zinc. 

Oxides and Hydroxides. — The oxides are obtained by burning 
the metal in air or oxygen, or by heating the hydroxide or carbonate. 
Zinc oxide, ZnO, is white; it becomes yellow on heating but loses its 
colour again on cooling. Cadmium oxide, CdO, is brown. Both 
oxides are stable compounds which can be reduced by hydrogen 
only with difficulty. Zinc oxide is used in paints and ointments: 
zinc oxide paint, unlike white lead, is not affected in colour by 
hydrogen sulphide, as zinc sulphide is white. The very finely- 
divided form obtained by burning the metal in air is the best for 
making paint. 

Tiie hydroxides Zn(OH).2 and Cd(OH)2 are colourless cornpounds 
precipitated from zinc or cadmium solutions by caustic alkalis. 
They are readily converted to oxides when heated to 300° or over. 
They are practically insoluble in water. Both of them will dissolve 

R 
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in acids to form solutions of zinc or cadmium salts. Zinc hydroxide 
has also distinct acidic properties, and when precipitated by caustic 
alkalis will dissolve in excess of the reagent, forming a zincate: 

Zn(0H)o+20ir^Zn02"+2H20. 

The solutions are decomposed on boiling and zinc hydroxide is 
di'posited. T^y adding alcohol to solutions of zinc hydroxide in 
very concentrated caustic potash, crystals of potassium zincate, 
KoZn02, can be obtained; they are hydrolysed by water. The 
same compound can be prepared by fusing a mixture of zinc oxide 
and caustic potash: 

ZnO+2KOH -KoZnO.+H^O f. 

Cadmium hydroxide is not sufficiently acidic to dissolve in 
aqueous alkalis, but cadmiates resembling the zincates can be 
obtained by fusing cadmium oxide with solid caustic potash. 
Both zinc and cadmium hydroxides are slightly soluble in aqueous 
ammonia, but it can be shown that this is not due to the increased 
hydroxyl ion concentration of the solution and the resulting 
formation of zincates or cadmiates, since 

(i) the hydroxyl ion concentration of the ammonia solution 
is much less than that of caustic alkali solutions too weak to 
dissolve cadmium hydroxide ; 

(ii) solutions of the substituted ammonias such as (C2Hrj),N0H, 
which are stronger bases than ammonia, have a smaller 
solvent effect; 

(iii) on electrolysis the zinc concentration increases round the 
cathode, and not round the anode, as would be expected 
were one of the ionic species ZnOg", and as docs actually 
happen in solutions of an alkali-metal zincate. 

It is therefore inferred that the oxides have dissolved to form 
complex ions, and the law of mass-action applied to the solubility- 
relations shows these ions to be chiefly (Zn.4NH3)’‘ and (Cd.GNH^)". 

Peroxides. — When hydrogen peroxide is added to zinc hydroxide 
and water, a substance is obtained which may be ZnO.HoOg but is 
more j)robably ZnOg-HgO. It is not very stable, and on heating 
readily loses oxygen: cadmium peroxide is similar. Neither can 
be prepared free from water and the lower oxide. With acids they 
yield hydrogen peroxide and a solution of a salt of zinc or cadmium. 

Carbonates. — Zinc carbonate occures native (p. 501) . It is the final 
product of the action of moist air on zinc. The carbonates of both 
zinc and cadmium are much less soluble than, for example, mag- 
nesium carbonate, and may be precipitated fairly pure by adding 
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soluble carbonates to solutions of their salts under suitable con- 
ditions, but the product always contains a little hydroxide. This 
may be avoided by passing carbon dioxide through the solution, 
or by using sodium hydrogen carbonate, whose solutions are much 
more acid than those of sodium carbonate, for the precipitation. 
Both carbonates are readily converted to the oxides on heating. 

Halides. — Solutions of the halides of zinc and cadmium may be 
prepared by the usual methods, but on evaporation of these solu- 
tions (except that of the fluoride) hydrates are obtained which lose 
halogen acid by hydrolysis on further heating, leaving a basic salt, 
though this is much more marked with zinc than with cadmium, 
for the low dissociation of cadmium salts reduces their hydrolysis. 
The anhydrous halides must therefore be prepared by the action of 
tlie halogen or the hydrogen halide on the metal. All the anhydrous 
salts except the fluoride are converted to the oxide on heating in 
air. They are all soluble in organic solvents, the fluoride again 
excepted, and are very soluble in water; the fluorides are slightly 
soluble. The salts have a veiy great tendency to auto-complex 
formation and are probably partly covalent. In methyl alcohol, 
so far as they have been examined, they are weak electrolytes. 
Except the fluorides, they form numerous hydrates and have a 
great avidity for water. The solutions are markedly acid from 
hydrolysis. The melting-points are given below in degrees Centi- 
grade: note the high values for the fluorides as compared with the 
remainder : 

Fluoride Chloride Bromide Iodide 
Zinc S72 283 3^4 44(> 

Cadmium mo 5(»S 5H3 3S8 

Chlorides . — Zinc powder or thin zinc foil will burn spontaneously 
in chlorine, forming the anhydrous chloride, ZnClg, a glassy, very 
hygroscopic substance used in the laboratory as a desiccating 
agent. Cadmium chloride is a crystalline substance which can 
also be prepared by the union of the elements. Several hydrates 
of both salts are known, and the anhydrous compounds com- 
bine avidly with ammonia to form compounds, ZnClo.bNHg 
and CdClg.bNHg. Double compounds, such as aKCl.ZnClg or 
2KCl.CdCl2.7H2O, are also very common in the solid state. Zinc 
chloride solutions, if sufficiently concentrated, will dissolve cellu- 
lose; on diluting the solution with water, the cellulose is reprecipi- 
tated. This was formerly used in the manufacture of carbon 
filaments for electric lamps by a squirting process followed by 
incomplete combustion. Solutions of zinc chloride, which is 
poisonous, like all zinc salts, are used in preserving wooden 
sleepers. 



5o6 theoretical AND INORGANIC CHEMISTRY 

By heating either the anhydrous or the hydrated salts in air or 
oxygen numerous oxychlorides can be obtained, and a cement used 
for stopping teeth, and similar to magnesium oxychloride cement, 
is made from a mixture of zinc oxide and zinc chloride. 

Bromides . — Pure zinc bromide was used by Richards and Rogers 
in the determination of the atomic weight of zinc. It was prepared 
by the union of the purified elements, and further purified by 
distillation at about 700° in an inert atmosphere. 

Iodides . — Zinc and cadmium iodides arc well known for auto- 
complcx formation. The transport-number of the cadmium ion 
in concentrated solutions of the iodide, as calculated from migra- 
tion experiments, has a large negative value, so much of the 
cadmium travels to tlie anode in the form of complex ions such 
as Cdl^;. 

Sulphides. — Zinc sulphide, ZnS, occurs native as blende. The 
precipitation of the sulphides of zinc and cadmium by hydrogen 
sulphide has already been discussed (p. 196). Zinc sulphide is 
white and cadmium sulphide primrose 3^cllow; the latter is used 
as a j)igment. In the presence of certain impurities, zinc sulphide 
phosphoresces, and is used on screens in experiments on radioactivity. 
The pure substance has not this p<nvcr. 

Sulphates. — The sulphates are colourless compounds wliich can 
be obtained by the usual methods: the hydrates in equilibrium 
with the saturated solution at room temperature are ZnS04.7H20 
and 3CdS04.8H20. Unlike magnesium sulphate, the sulphates of 
zinc and cadmium can be dehydrated without decomposition. 
They are both very soluble in water: the solubility of the cadmium 
salt has a low temperature-coefficient round about room temperature, 
and it is used in Weston cells (p. 248). The principal use of zinc 
sulphate is in the manufacture of lithopone, a white pigment con- 
sisting of a mixture of barium sulphate and zinc sulphide. It is 
prepared as a precipitate by mixing solutions of zinc sulphate and 
barium sulphide. 

Nitrates. — 'rhese can be prepared by the usual methods in the 
form of several hydrates, but it is doubtful whether all the water 
of hydration can be removed without decomposing the salt, which 
readily loses nitric acid on heating. The hydrates both of zinc 
and cadmium nitrates are very soluble in water and also dissolve 
without difficulty in alcohol. 

Phosphates. — Zinc and cadmium resemble magnesium in the 
formation of an insoluble compound ( (NH4)ZnP04 and (NH4)CdP04) 
when solutions of their salts are treated M-nth a solution of ammonium 
dihydrogen phosphate, (NH4)H2P04. On heating the precipitate, the 
pyrophosphates ZngP^O^and Cd2P207 are obtained, and this process 
is used in the gravimetric analysis of zinc and cadmium. 
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Separation of Zinc and Cadmium. — Zmc and cadmium compounds 
may be separated 

(i) by clcclro-deposition of the cadmium (p. 266) ; 

(ii) by precipitation of tlio cadmium as sulpliidc (p. 191/. ; 

(iii) by extracting the mixed hydroxides with aqueous caustic 
potash; 

and by other methods. 


Mercury 

The principal differences between mercury and the otlicr members 
of the subgroup are its low melting-point, high density, and positive 
electrode potential, the predominantly covalent character of most 
of the mercuric compounds, and the existence of a whole series of 
organic compounds and of the mercurous salts and the amalgams. 

History. — Mercury has been known in the elementary state since 
very early times; thus a small vessel filled with mercury was found 
by ScHLii'AiANN in a grave considered to be of the sixteenth or 
fifteenth century B.c. Pliny (first century a.i\) distinguishes 
between the native metal, which he calls argentum vivum. (‘ quick- 
silver '), and hydrargyrum (' liquid silver ') prej>arcd from cin- 
nabar (HgS) by powdering the latter wdth vinegar in a copper 
vessel, 'fhis method of extraction w'as mentioned by 'riiEOiuiKASTUS 
in his book on Stones, about 300 B.C. Among the alchemists, 
mercury was frccinently regarded as the seed of all metals, W’hile 
the alternative theory, which regarded metals as compounds of 
mercury with sulphur, v\as commonly accepted for a period of 
over a thousand years (<ee Historical Introduction). The fact 
that mercury is definitely a metal was confirmed by Braun (1759- 
i7()o), who observed that it could be frozen in a freezing-mixture. 

Occurrence. — Mercury is one of the scarcer elements. The most 
impiortant deposits are m California, at Almadcn (Spain), in Idria, 
and in Mexico, where the mercury occurs as the sulphide cinnabar, 
HgS, mixed with small quantities of the native clement. 

Extraction. — Tliere are two processes for extracting mercury 
from cinnabar. They aie both carried out at temperatures above 
the boiling-point of the element, so that it distils over and can be 
collected in condensers. In the fir^t process the cinnabar is roasted 
in air; 

HgS+0,^Hgt+SO,t. 

Tn the second the ore is mixed with quicklime and heated in retorts 
m the absence of air. A mixture of calcium sul[)hide and sulphate 
remains in the retort: 

^HgS+4CaO-4Hg t + 3 C 3 lS+C^SO,. 
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At Almaden, in Spain, where the first process has been worked 
for centuries, the condensers originally designed in 1633 in Peru 
are still in use; they are small earthenware cylinders called aludeh, 
and are arranged in rows. 

Purification. — The first step is to filter the mercury through 
chamois leather, an operation first described by Pliny. The 
more electropositive metals, such as zinc, cadmium, or lead, are 
then removed by passing the metal in a rain of small drops through 
very dilute nitric acid: the operation can be made continuous if 
the ajiparatus is combined with an air-lift attached to a filter-jiump. 
The metal is then dried with filter-paper and again filtered through 
leather, and is then distilled in a vacuum or in carbon dioxide 
under low pressure. 

Metal. — Mercury is a heavy grey Ikiiiid, density 13 *5^, freezing 
at -‘39° and boiling at 360°. The vajiour is monatomic. The 
metal is appreciably volatile even at ordinary temperatures. It 
is stable in the air, but is slowly converted on heating to the oxide 
HgO. It is attacked by ozone, whit h covers it with a thin film of 
oxide and causes it to ‘ tail ' — i.e. to adhere in small flecks to a 
glass surface. It will not reduce steam. 

Mercury is unaffected by dilute hydrochloric or sulphuric acid, 
but dissolves in the hot concentrated acids to give hydrogen and 
sulphur dioxide respectively. It is unaffected by very dilute 
nitric acid, but with fairly concentrated acid pure nitric oxide 
can be obtained, with mercurous nitrate in solution: 

6Hg-f8HN03=3Hg2(N03)2+2N0 t +4H2O. 

Mercury reacts vigorously with the halogens in the cold. 

The metal is used in scientific instruments and laboratory 
apparatus (e.g. the pneumatic trough), and in the electrical industry. 
It is the international standard of resistance. Fairly large quan- 
tities are used in some t3qies of electrolytic cell (p. 438). Mercury 
was formerly us(‘d in the extraction of gold and silver by the amal- 
gam process. Constipation was formerly treated by giving the 
patient a pound or two of mercury to swallow, and mercury ointment 
is still used in the treatment of certain diseases. 

Oxides. — The hydroxides of mercury are very unstable and need 
not be considered here: indeed, their existence is open to doubt. 

Mercurous oxide, Hg„ 0 , is a black substance, insoluble in water, 
prepared by the addition of caustic alkalis to solutions of mercurous 
salts. It is an unstable compound that slowly absorbs oxygen 
from the air to form mercuric oxide, and by heat or light is readily 
decomposed into mercuric oxide and mercury. 

Mercuric oxide, HgO, can be prepared by heating mercury in air 
or oxygen, but this method is very slow. It can also be made by 
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tieating mercuric nitrate, or precipitated by caustic alkalis from 
solutions of mercuric chloride. 

It occurs in two fonns, one red, the other yellow. As the red 
variety can be converted to the yellow by grinding, it is probable 
that the difference in colour is due to a difference in the size of the 
grains. On heating to about 650°, the oxide is decomposed into 
oxygen and mercury, which volatilizes; this is in marked contrast 
with the behaviour of the oxides of other Group II elements. It 
IS also easily reduced to the metal by hydrogen on warming or by 
c arbon monoxide in the cold. 

The oxide, which is almost insoluble in water, dissolves in acids 
to give solutions of mercuric salts, but shows only the feeblest 
acidic properties. It does not dissolve to any significant extent 
111 aqueous alkalis, and the products obtained by dissolving it in 
fused alkalis at high temperatures cannot exist in presence of water. 
The oxide is, however, distinctlv soluble in solutions of the alkali- 
metal chlorides, bromides, and iodides — the solubility increases in 
that order — and application of the law of mass-action shows the 
equilibrium to be: 

HgOT 4 r+H 20 ^IIgI/+ 20 H'. 

'rhis has been made use of in the |.>reparation of solutions of standard 
alkalinity in volumetric analysis. A known weight of mercuric 
oxide is dissolved in excess of aqueous potassium iodide, and two 
gram-ions of hydroxyl are produced for every gram-molecule of 
mercuric oxide dissolved. 

Mercury peroxide, HgOg. — This compound can be obtained by the 
action of aqueous hydrogen peroxide on mixed alcoholic solutions 
of mercuric chloride and potassium hydroxide. It is a red compound 
which slowly dccomjioscs, especially in the presence of water, into 
mercuric oxide and oxygen, but it ib fairly stable when dry, and 
in this condition can be kept for a few days at room tempciature. 

The Mercurous Compounds. — Preparation . — The mercurous 
compounds, in which the valency of the metal appears to be i, 
are prepared by the action of acids on mercury, by direct combina- 
tion with mercury in excess, or by reduction of the mercuric 
compounds, often with metallic rnercur}^ as the reducing agent. 

Constitution . — If mercury is really univalent in these compounds, 
they are the only example of soluble compounds of Group II 
elements in which the metal has a valency other than 2, It 
is true that the molecular weight of mercurous chloride as calculated 
from the vapour density is in agreement with the single molecule 
HgCl, but this can equally well be explained by complete dissociation 
of the vapour into mercury and mercuric chloride: 

HgaCla^Hg+HgClj. 
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The vapour density of the thoroughly dried substance is in closer 
agree.ment with the double formula. The question was finally 
decided by Ogg, who proved that the mercurous ion was a complex 
formt'd by the combination of a mercuric ion with an atom of 
mercury: 


and consequently that the valency of mercury in the mercurous 
compounds was 2. The evidence was as follows: 

Electrochemical Evidence. — i. 'fhe valency type of an electrolyte 
can be inferred from the effect of dilution on the E.M.C. of a con- 
centration cell (p. 262). Thus the electrode potential of a metal 
A in a solution containing ions A' changes by 0*058 volts on tenfold 
dilution of the electrolyte, while if the ions are A” the change is 
only half this amount. In this way the valency of the mercurous 
ion in a solution of mercurous nitrate was shown to be 2. 

2. The slope of the curve connecting the ecjui valent conductivity 
of mercurous nitrate with the square root of the concentration is 
about equal to that usual for other bi-univalcnt salts. 

Evidence fcpom Freezing-points. "“3. The freezing-points of solu- 
tions of mercurous nitrate in dilute nitric acid (necessary to ])revent 
hydrolysis) are in agreement with the existence of Hgo” ions. 

Evidence from the Law of Mass-action. —4. A solution of mere uric 
nitrate will dissolve some mercury and an equilibrium is set u]) 
between mercurous and mei curie ions, which on the alternative 
views must be represented: 

Hg 1- Hg”T-=‘-2Hg‘ or Hg+ng‘V>-Hg;‘. 


If the former is correct 


[Hg]2 


should be a constant, if the latter, 


[Hg*] 

The mercurous salt concentration at equilibrium, as 


[Hg;*] 

[Hg-j; 

determined by analysis, is found to be nearly proportional to the 
mercuric salt concentration, and not to its square root, so the 
second view is correct. 

5. Mercury will reduce a solution of silver nitrate to silver, which 
forms an amalgam, until the mercurous ion concentration of the 
solution reaches an equilibrium value. The action may be 
represented : 

Hg+AgVHg‘+Ag or 2Hg-4-2Ag'^Hg2"+2Ag, 

and the equilibrium exiiressions will j and 

[Ag] [Ag]2 

where [Ag] represents the concentration of silver in the amalgam. 
The second expression is found to be approximately constant: the 
former is not. 
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Properties . — With respect to the mercurous ion, mercury has a 
fairly high positive standard potential (-fo-iSo volts), and the 
mercurous salts of easily discharged anions (such as the iodide 
ion) cannot exist in water except at very low concentration, i.e. 
they an^ insoluble, d'he same applies to the mercurous salts of 
weak acids. The only important soluble mercurous salts are the 
lluoride and the salts of such oxyacids as the nitrate, chlorate, and 
])erchlorate. These salts are extensively ionized in aqueous solution, 
but unless acid is add(‘d to them thev are liable to undergo hydrolysis 
with deposition of basic salts. The mercurous salts do not show 
the remarkably strong baidency to covalency ot the mercuric 
('omjxmnds : they are dissociated in solution, and mercury in the 
iiuucLirous condition will neither form organic conqiounds nor readily 
form complex ions; it is already a complex ion itself. 

The mercurous salts are easily reduced to mercury or oxidized 
to mercuric salts. In tlu' ])resc‘nce of meicury the balanced action 

Hg./ : Ug\ l-Hg- 

nxiches (at 25*^) an equilibrium in which the concentration ot 
mercurous salt is about 2qo times the concentration of UK'rciiric 
salt. Mercuric salts are tiier(‘fore nearly completely reduced by 
mcTCury, but men urous salts, on the otlier hand, are decomposed 
bv substances which absorb mercuric ions to form comxilex ions, 
undissociated molecules, or very insoluble substances such as 
mercuric sul])hide, HgS (whose solubility-product is only about 
10^5,). This explains the precipitation of mercury from solutions 
o1 mercurous compounds by ammonia, cyanides, and sulphides: 

IIg2- + 2NH3 -Hg j i- (Hg.2NH3)-. 

Hg2'’ + 2rN' *Hgi 4 -ilg(^ (unionized). 
llg^-’-fS" ->Hg ‘ +HgS j.“ 

Mercurous carbonate, Hg./'03, is a yellow^ substance obtained by 
precipitating solutions of mercurous salts with sodium hydrogen 
carbonate. It readily decomposes, especially if warmed, into 
mercury, mercuric oxide, and carbon dioxide: 


lTg 2 C 03 -.Hg+lIg 0 bCO^t. 


Halides. - The fluoride is the only soluble mercurous halide: 
the other anions an^ too easily discharged for the salts to be stable 
in solution except at low concentrations. 

Mcrcuroiis fluoride, Ilg2p2» obtained by the action of 

hydrogen fluoride on mercurous carbonate. It is soluble in water. 

*R 
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Mercurous chloride, calomel, Hg2Cl2, is a white substance pre- 
cipitated from mercurous solutions by soluble chlorides, or obtained 
by heating a mixture of mercury and mercuric chloride until the 
calomel sublimes. Apart from the evidence quoted above. X-ray 
analysis confirms the structure Hg2Cl2. It is practically insoluble 
in water. It can easily be sublimed by heating, as the vapour 
pressure reaches 760 mm. at 373“. The vapour is completely 
dissociated into mercury and mercuric chloride unless the substance 
has been thoroughly dried, when less dissociation takes place. 
Mercurous chlorides is blackened by aqueous ammonia, and is con- 
verted to a mixture of mercury and mercuric aimno-clxlonde ; 

Hg2Cl2+2NIl3.--Hg| +Hg(NH2)CU +NH;+C 1 '. 

Calomel is used in medicine as a purge, and in ointments. 

Mercurous bromide, Ilg.^Bro, is a white insoluble substance 
precipitated from mercurous salt solutions by soluble bromides, and 

Mercurous iodide, Hg2l2, is prepared in a similar way. It is a 
somewhat unstable yellow substance insoluble in water and other 
solvents. 

Mercurous <iu1phatc, Hg2S04, is produced together with mercuric 
sulphate when mercury is boiled with strong sulphuric acid, but is 
best pre])ared by precipitating a solution of a mercurous salt with 
sulphuric acid; it is insoluble in water. It is a white substance 
which on long boiling with water is converted by partial hydrolysis 
to a basic salt. 

Mercurous nitrate, Hg2(N03)2, the most important soluble mer- 
curous salt, is obtained by the action of cold not too dilute nitric 
acid on mercury, and freed from a little mercuric nitrate by re- 
crystallization. Unlike the majority of mercury compounds, it 
forms a hydrate, Hg2(N03)2.2H20, wLich, however, loses water in 
the air. The solution of mercurous nitrate used in the laboratory 
usually contains free nitric acid added to prevent hydrolysis. 

The Mercuric Compounds. — In these compounds the tendency 
to covalency already remarked in zinc and still more in cadmium 
has reached a degree unknown in any other definitely metallic 
element. Mercury forms a large number of organic compounds, 
far more than any other metal, and such a substance as mercury 
methyl, Hg(CH3)2, is scarcely attacked by water. The mercuric 
ion has a great tendency to form undissociated molecules and 
complex ions. Excluding the mercurous compounds already dis- 
cussed, the princij)al mercuric complexes are with ammonia, 
(Hg.aNHg)"; cyanides, Hg(CN)2 (unionized); halides, HgI4^ 
unionized HgClg, etc. It is, however, remarkable that the mer- 
curic compounds do not readily form hydrates. The principal 
insoluble salts are the carbonate, sulphide, iodide, sulphate, and 
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phosphate. The soluble salts, as regards their ionization in aqueous 
solution, fall into three classes: 

(i) The fluoride and the salts of the strong oxy acids (e.g. nitrate 
or perchlorate) are highly dissociated. 

(ii) The remaining halides arc only slightly dissociated. They 
are volatile compounds, and the chloride and bromide are 
very soluble in organic solvents. 

(hi) 'I'hc salts of weak acids are practically undissociated : the 
classical example is the cyanide. Hg(CN)2. The concentra- 
tion of mercuric 10ns in solutions of this substance is so 
low that the addition of caustic alkali precipitates no 
mercuric oxide. 

Mercuric oxide is rather weakly basic, so that all the soluble 
mercuric salts arc hydrolysed in solution and have an acid reaction, 
exc'ept those of class (in), whose mercuric ion concentration is too 
small for hydrolysis to be noticeable. 

It seems that mercury has a great reluctance to form compounds 
in which it has a covalcncy ol more than two. The reason for this 
behaviour is unknown, but some such explanation is necessary to 
ac count for the rarity of liydratcd mercuric salts. 

Mercuric carbonate, llgCOa.- It is doubtful whether this com- 
pound has ever been obtaincMl in the pure state. Carbonates or 
liydrogen carbonate's of the alkali-m^'tals precipitate basic carbonates 
from mercuric solutions. 

Halides. — These salts are all rather slightly soluble in cold watt'r, 
and the iodide is almost insoluble. The melting-points are : fluoride, 
chloride, 2(15“; bromide, 236°; iodide', 250”. The fluoride', is 
predominantly electrovak'iil . the others are mainly covalent. Only 
the highly dissociated fluoride is sufficiently hydrolysed to make 
its preparation from the acpieous solution a matter of difficulty. 
The chloride and bromide can be obt iined by evaporation, and the 
iodide by precipitation. 

Mercuric fluoride, HgFg, is best obtained by heating mercurous 
fluoride : 

Hp:.,F,=Hgt+HgIv 

Evaporation of its solutions gives a mixture of the fluoride and oxide. 

Mercuric chloride, corrosive sublimate, HgClg, can be obtained 
by the usual methods. When mercury burns in chlorine, cither 
mercurous or mercuric chloride is produced according to whether 
the metal or the gas is in excess. Mercuric chloride is a colourless 
crystalline substance which can easily be purified by distillation 
in a stream of chlorine. It melts at 265® and boils at 300®. It 
is prepared on a commercial scale by direct synthesis, or sometimes 
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by distillation of a mixture of mercurous sulphate and common salt, 
to which a little manganese dioxide is added as an oxidizing agent to 
pn^vcnt the fomiation of mercurous chloride. The ionization of its 
aqueous solutions is very slight, indeed for most purposes negligible, 
and aj)pears from transport-number measurements to take place in 
steps, of which the first is; 

HgCU--:^HgCr-l-Cl'. 

At onlinary dilutions the degree ot dissociation, based on this 
change, is of the order of 0*05 per cent, and by far the largest 
part of the solute is in the form of undissociated molecules. 

Mercuric chloride readily dissolves in a large number of organic 
liquids, such as ether, acetone, or toluene. Its distribution-ratio 
between toluene and water is the order of unity, a very unusual 
circumstance for a metiiilic salt, and measurements on this system 
have been used to conlirrn the absence of dissociation indicated by 
the feeble conducting power of th<' aqueous solution. Mercuric 
chloride is very much more soluble in hot water than in cold. 

Mercuric chloride is easily reduced to mercurous chloride or to 
mercury. Hydrogen peroxide reduces it in alkaline solution (best 
obtained from .sodium peroxide and water) to the metal: 

HgCla+NaA-Hg I d O., t +2Na'H-2(:r, 

whereas in neutral solution, with Rochelle salt as catalyst, calomel 
is preci}>itated: 

2 HgClo+HA “HgXl^; + 0^1 4 - 2 H' f2CT. 

With ammonia a white precipitate of mercuric amino-chloride, 
Hg(NH2)Cl, is obtained: 

Hgri2+2NH3 -Hg(NH2)Cl I +NH,Cl. 

Like all the mercuric compounds, corrosive sublimate is a 
powerful poison: it is used m taxidermy and in preventing the 
growth of fungi and bacteria in water, e.g. in theimostats. 

Mercuric iodide, Hglg. — When a solution of an iodide, such as 
potassium iodide, is added to the solution of a mercuric salt, a 
brilliant scarlet precipitate of mercuric iodide is yiroduced which 
very readily dissolves in excess of iodide to give a colourl(;.ss solution 
containing all the mercury in the anion: 

Hg' +2r^ Hgl^l . Hgl^i +21' ^Hgl/. 

Mercuric iodide can also be prepared by mixing mercury with excess 
of iodine: the action takes place spontaneously in the cold. The 
substance exists in two forms, one bright red form, which is stable 
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up to 128°, and another bright yellow form stable from 128° up- 
wards. The yellow form can be undercooled, but beJow 128° 
reverts to the stable red form when nibbed with a ciystal of the 
red substance. As usually happens, the yellow or less stable form 
is the first to be precipitated from solution, and this can sometimes 
be observed when a soluble iodide is added to a mercuric solution, 
but the change to the red form is ve‘ry rapid. 

Although almost insoluble in water, mercuric iodide has a 
bistincl solubility in many organic liquids such as the alcohols or 
toluene. From a concentrated solution in excess of potassium 
iodide solution, crystals of the compound K2Hgl4, potassium 
mercuri-iodide can be obtained, and also a compound KHgl3, 
corresponding with the ion Hglg'. The solutions do not contain a 
sufficient concentration of mtTcuric ions to give a precipitate of 
mercuric oxide with caustic alkalis. A solution which has been 
made alkaline is called Ne^sler’s solution, and is the most sensitive 
test known for ammonia or ammonium compounds, with which it 
gives a brown precipitate, or, with very dilute solutions, a yellow 
coloration. The exact comi)osition of the precipitate is uncertain, 
but is probably (NHgHggl,). 

Mercuric sulphide, HgS, is an exceedingly insoluble substance 
which occurs native as cinnabar, and can be precipitated from 
mercuric solulions by soluble sulphides. It exists in two forms: 
an unstable black form wdiich is the first to be precipitated from 
solution, and a stable red form into which the black form is con- 
verted on healing. The red form is used as a pigment under the 
name of vermihon] it is always artificially prepared, usually by 
heating mercury and sulphur together. Mercuric sulpliidc can 
be sublimed without difficultv, but it is much less volal ile than the 
halides. It is so insoluble that it is only slowly attacked even by 
.stroTig acids in concentrated solution. 

Mercuric sulphate, HgS04, is ma<le by the action of sulphuric 
acid on mercuric compounds, or by dissolving mercury in hot 
concentrated sulphuric acid and evaporating repeatedly to dryness, 
replenishing the acid; this is to decompose the mercurous sulphate 
w'hich is simultaneously produc(id. Mercuric sulphate is converted 
to a basic salt by water: but it will dissolve in sulphuric acid, in 
wdiich it is contained probably as mercuric hydrogen sulphate, 
Hg(HS04)2. It IS a colourless substance which is used as a catalyst 
in certain organic reactions, e.g. the manufacture of acetaldehyde 
from acetylene. 

Mercuric nitrate, Hg(N03)2, is obtained by the action of nitric 
acid on mercuric oxide, or by boiling mercury for some time with 
concentrated nitric acid in excess and thereby oxidizing the mer- 
curous nitrate first produced. It is a colourless hygroscopic 
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substance which crystallizes as 2Hg(N03)2.H20 and Hg(N03)2.H20. 
It is very soluble in water and the solutions are dissociated and 
strongly hydrolysed : unless free acid is added to them they deposit 
basic nitrates on evaporation. 

Mercuric cyanide, Hg(CN)2, is made from mercuric oxide and 
hydrogen cyanide. It is a colourless substance soluble in water, 
in wliich it is undissociated. On heating, it yields mercury and 
cyanogen: 

Hg(CN)2-Hg+(CN),t, 

together with some paracyanogen (p. 579). It is exceedingly 
poisonous. 

Amalgams. — Nearly all metals dissolve to some extent in mercury 
or combine ^vith it, and the products are called amalgams. They 
may be liquids or solids, and they may consist of solutions of the 
metal (in the atomic form, as is shown by freezing-point measure- 
ments) in mercury, or of definite compounds between the metal 
and mercury, or of solutions of such compounds in mercury. They 
are ])repared by direct combination (e.g. sodium amalgam), or by 
elcciiolysis of a concentrated solution of a salt of the metal with 
a mercury cathode (e.g. ammonium or barium amalgam), or bv 
reducing such a solution with mercury (e.g. silver amalgam), or 
by reducing a solution of a mercuric salt with the metal (e^.g. 
aiuminium amalgam). Amalgams of liiglily electropositive metals 
such as sodium can be prepared by the electrolytic method in contact 
with water bv reason of two facts: (i) that the electrode potential 
of the metal is diminished when it is, so to speak, ‘ diluted ’ with 
mercury, and (2) that the over-voltage of hydrogen on a mercury 
or amalgam cathode is high. Nevertheless, the pre]^aration of 
such amalgams by the electrolytic method is usually accompanied 
by the evolution of hydrogen. 

It is often possible to isolate from amalgams crystalline com- 
pounds between the metal and mercury, but their composition 
seems to bear little or no relation to the valency of the metal. 
Thus among the compounds between .sodium and mercury, NaHg, 
NaHga, NaHga, Na^Ilg, and others have been isolated. When it 
is not possible to isolate the compound, its existence can often be 
inferred from the freezing- and melting-point lines of the phase 
diagram, or from discontinuities in the curve connecting the 
vapour pressure of mercury over the amalgam with its compo- 
sition. Amalgams are easily decomposed, and with respect to 
their chemical properties they behave like a solution of the metal in 
mercury. 

Sodium amalgam . — Sodium reacts with mercury with the evolu- 
tion of heat and light. The amalgam is readily oxidized in air and 
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is decomposed by water, but it can be prepared by the electro- 
lysis of concentrated solutions of sodium salts with a mercury 
cathode, and this is made use of in one process for the manufacture 
of caustic soda (p. 437). It is used as a reducing agent, chiefly in 
organic chemistry, as it is less violent in its action on water than 
sodium itself. Amalgams of some of the less electropositive metals 
can be prepared by treating solutions of their salts vdth sodium 
amalgam, e.g.: 

2Na amalgam -|-Ba‘';F^Ba amalgam -f 2 Na*. 

Copper, silver, and gold amalgams are readily formed by direct 
combination, as can easily be seen by rubbing a clean coin with 
mercury. Silver amalgam can also be made by reducing silver 
nitrate solutions with mercury. The amalgams of silver and gold 
have been used in the extraction of those metals from their ores. 

The Amalgams of stroniumi and barium have been used in the 
preparation of the metals (p. 490). The amalgams can be prepared, 
though with difficulty, by electrolysis. 

Aluminium amalgam.---li aluminium foil is warmed with a 
solution of mercuric chloride it becomes covered with a layer of 
the amalgam. Some mercurous chloride is produced at the same 
time. The chemical activity of the aluminium is much increased 
by amalgamation: it will re<idily liberate hydrogen from water and 
is the best available drying agent for the alcohols. The amal- 
gamated foil rapidly oxidizes in the air, a process attended by the 
evolution of much heat, so that a minute or two after withdrawing 
it from the solution it may be too hot to hold. 

Tin amalgam is used as a backing for mirrors. 

* Ammonium amalgam.* — When a concentrated solution of ammo- 
nium chloride is electrolysed 
with a mercury cathode, the 
mercury swells up into a — 
mass which has the consist- 
ency of butter and behaves 
as though it were an amalgam 
of the free radical ammonium. 

The same 
obtained 

sodium amalgam on a con- iviercu^ 

centrated solution of ammo- jig Preparation of Ammonium 

nium chloride. When Amalgam 

removed from the solution 

the amalgam slowly decomposes, yielding mercury, ammonia, and 
hydrogen. 
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In the light of modern electronic theory of valency there are 
grave difficulties in recognizing a free radical of the formula NH^, 
because if all the N,H bonds are of the common or normal electron- 
pair type then the nitrogen nucleus must bind nine electrons, which 
is one electron in excess of the maximum possible for an element in 
the series Li — F (see p. 335). 
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In Group III the tyi)u;al cleiiKMits and the subgroups resemble 
each other much more closely than in (jtouj) II, but on the whole 
th(^ ty])ical elements must be associated with Subgroup A (which 
contains the rare-earth grou]), imupie in the periodic table) rather 
tlMU with Subgroup Jh 

Boron diilhrs from the other elements of the group and resembles 
silicon. It is a non-metal which does not conduct electricity, has 
a very small atomic volume, forms no cation, and has a very high 
melting-point. It is uniciuc in the group in forming a series of 
covalent hydrid(‘s with highly complex structures, audits hydroxide is 
a weak acid while the other hydroxides arc predominantly basic. 
All the other Group III elements are metals, more electropositive 
than hydrogen, which will dissolve in dilute acids or even m water. 
With the typical elements and Subgroup A, vakuicies other 
than three are very uncommon, being practically confined to a 
lew of the rare earths. The hydroxides become more basic 
from the weakly acidic boron hydroxide, through the ampho- 
teric but chiefly basic aluminium hydroxide, to thc^ fairly strong 
basic hydroxides of the rare earths, while the salts such as 
the chlorides range from the puredy covalent boron trichloride to 
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the electrovalent chlorides of the rare earths. However, even the 
rare earth trichlorides are soluble in alcohol and hydrolysed to 
some extent by evaporation of their aqueous solutions. The 
sul])hides an^ all decomposed by water. 

Subgroup Vi differs from Subgroup \ in the lower atomic volumes 
of the elements; th(‘ir tnh^^droxides are weaker bases. Subgroup H 
elements are also remarkable for their low melting-points and for 
the occurrence of lower valencies as follows: f^allium, vwy unstable 
valency of one; indium, possibly valency of two and very unstable 
valency of oTuq thallium, one is th(‘ most stable valency, 'riiese 
elements much resemble their neighbours in the B subgroups of 
(iroups II and lY, and the resemblance is particular! v notic(‘abk' 
if the thallous salts are compared with the mercurous oi plumbous 
salts. 

Tli(‘ valency groups of the tervaleiit compounds of all Grou}) HI 
elements contain six electroiis, and these com])ounds are vigorous 
acceptors. Many of them are associated in the vajioui phase or 
in solution, and they form additive compounds with most donor 
substances, as, for instance, ammonia. 

Among Grouj) III elements, onlv boron and aluminium are 
abundant or of commercial importance. 


Bokon 

B--- 10*82. Atomic Number, 5 

History,— The word borax is derived from the Arabic hnraq 
(‘ white and shining ’), a term applied to many substances used 
by the Moslem chemists as fluxes. One such substance, tnical 
or linear or aitincar, obtained from India, Armenia, and Tibet, is 
the compound Na2B407.ioH20, to which the name ' borax ' is 
at present confined. In the Middle Ages, borax was imported by 
Europe from Central Asia, Venice being the centre of purification 
of the crude tincar. In 1702, Homberg prepared boric acid 
{sel sedaiij dc Ilomherg) by heating borax with ferrous sul]ihate, 
and in 1747-8 Baron concluded that borax was a compound of sel 
sedatif and soda, further suggesting that the former was not a 
salt but an acid. In 1808, Davy prepared impure boron by 
heating potassium and boric acid together in a gold tube, and 
suggested the name boracium for it, under the impression that it 
was metallic. Four years later, however, he realized that it was 
a non-metal, and altered ‘ boracium ' to ‘ boron,* by analogy with 
carbon. 

Occurrence and Extraction. — Boron is not a very abundant 
element. It invariably occurs in the form of borates or related 
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compounds. The principal deposits are in the Mohave Desert and 
the Death Valley of California, where there is found the mineral 
colcmanite, a calcium borate with the formula CagBoOjj.sHgO. In 
Chile and Peru there are deposits of ulexite, which has the formula 
Na2Ca2(B407)3.i8H20. Among the oldest sources of boron com- 
pounds are the hot springs of Tuscany, where the steam and hot 
water issuing from the ground carry with them small quantities (^f 
boric acid, H-tBOg, but these, though still exploited, are now of small 
commercial importance. 

The colemanite or nlexite is crushed to a fine powder and shaken 
in large wooden vessels with water through which sulphur dioxide 
is bubbled, or with dilute sulphuric acid. The liquid is then 
filtered and eivnporated by the heat of tlie sun, when fairly pure 
boric acid crystallizes out; it can be ])urified by recrystallization. 
Alternatively the process may be workt'd in conjunction with the 
sodium nitrate industry. One of the by-products of this industry 
is sodium hydrogen sulphate, and a solution of this substance may 
be boiled with the finely-crushed ore and water to produce a boric 
acid solution, which is evaporated in the niantKT already d(iscribed. 
The best cjualities of ulexitc are exported to Europe, where borax 
is made from them. 

Elementary Boron. — Boron oxide is a very stable compound the 
reduction of which offers great diiticiiltii's. As m) practical use has 
t)een found for the element, the mtdhods of pnqiaring it have not 
received much attention, and it is still sonudhing of a chernii al 
curiosity. Amoryihous boron is obtairu‘d by reducing bone oxide, 
lEOy, boron fluoride, BEg, or yiotassium tluoborate, KBE4, with 
sodium, potassium, or magnesium. The crystalline product pre- 
])arcd by the reduction of boric o^ide with aluminiuin powder is a 
mixture of aluTinuimn borides. When freed from excess of aluiniiuum 
by })rolouged treatment with hydrochloric acid, amorphous boron 
lesults. Boron of g2-per-ccnt purity can be preiiared by the electro- 
lysis of a mixture of boric oxicle, magnesium oxide, and magnesium 
fluoride at 1100° in a charcoal crucible acting as anode. The cathode 
is made of iron, and the cathode* dejiosit, whicli consists mostly of 
boron, is ground up with hydrochloric acid. A purer variety may 
be prepared by striking high-tension alte.rnating sparks in a mixture 
of boron trichloride vapour and hydrogen, or by exposing the same 
mixture to the action of a glowing filament of tantalum. Pure 
crystalline boron has recently been prej^ared by the last method. 
Crystals develop upon the fllarnent, but as the temperature does not 
fall, they must be non-conducting. 

ftoperties. — On account of the difli cully of prej^aring the pure 
element, our knowledge of the properties of boron is not very 
precise. It is described as forming lustrous, dark-coloured, and 
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opaque crystals, which appear to belonpj to the tetragonal system. 
Its density is about 2*3 and it is hard and very brittle. Its melting- 
point is 220(/’-250()°, and it is a non-con due tor of el(‘ctricity ; in 
this resp(‘ct it is sharj)]y distinguished from aluminiinn and 
resembles carbon or silicon. li is unafi(‘cted by air, whether drv 
or moist, at ordinary tem]>(Tatnres, but it burns if strongly heated 
in air or oxygen. It will not dissolve in water, but at a red heat 
it wall decompose stf'ain or the oxides of carbon. Among the 
halogens, only flnorine attacks the element at ordinary tempeia- 
tines, but boron wall combine wdth all the halogens on heating, 
and also wath sulphur. When strongly heated in nitrogen or 
ammonia, boron forms the nitride BN. Boron wall not dissolve 
in cold dilute acids or alkalis, but the oxidizing acids react wath it, 
and so do fused caustic alkalis; wath these the products are hydrogen 
and a borate. It wall b(‘ noticcxl that in its chemical proiierties boron 
resembles carbon more than any other ('lemont. 

Boron Hydrides. — Our knowledge of these curious substances waas 
originally due to Stoc iv and his collaborators (1912 onwards). They 



Fig. 120. PuKrARATioN of Boron JIvurtdes 

w^ere obtained, in an ap]watus similar to that us«xl by the same 
investigators for the preparation of the hydrides of silicon (Eig. 120), 
l)y the action of exce.ss of 4N hydrochloric acid on magnesium 
boride, which is a mixture of several magnesium-boron compounds. 
As the mixture of hydrides is spontaneously inflammable, it must 
be prepared in an atmosiihere of hydrogen. The gaseous products 
of tlie reaction, mixed with hydrogen, are dried with calcium 
chloride and phosphorus pentoxide and passed through a coil cooled 
with liquid air, in wdiich the hydrides of boron collect as a colourless 
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liquid consisting almost (‘iitirely of tctraborane, P»4Hio* After puri- 
fication by vacuum distillation at a low temperature, it is found to 
treeze at —112" and to boil at It is spontaneously inflammable 

ni the air, and with water slowly yields boric acid and hydrogen: 

4H3BO3 I-11H3 1 . 

It IS unstable, and decomposes into hydrogen and other hydrides 
(>[ boron. At 100^ this decomposition is rapid, and yields a mixture 
of hydrogen, diboranc, other substances. Tlu'. mixture 

of gases is condensed with liquid air, and diborane can be obtained 
from the product by fractional distillation. In this original pro- 
cedure all the diborane and mucli of the tt'traborane that may have 
been formed on acidification are Icjst by reaction with water. 
Diborane is obtained m theoietical yield by the iollowing means: 
(a) lithium hydride (p. 435) reacts with aluminium chloride in ether 
solution to give lilhiiim aluniintum Jivdride: 

4LiH-l AlCb-- LiAlHi | 3Lia, 

{/)) on addition of boron trichlo’ idi' to the solution diborane results 
horn the reaction: 

3LiAin4 I-BCI3 -BJlc 1 3BiCl-|-3Al(;i3. 

Diborane is the simplest boron hydride', as no other has yet been 
pre])ared with less than two boron atoms in the molecule It 
melts at — 16()° and boils at so that at room temperature 

it is a gas. It is not spontaneously inflammable if fn'cd from traces 
ot the higher hydrides, but it is decomposed by water, yielding, 
like the other hydrides, boric acid and hydrogen: 

BoH,-} bHo 0 - 2 H 3 B 03 +()ll 2 t . 

It reacts with the halogens to form first a derivative, such as Byll^Br, 
which then decomposc's according to the equation: 

OBaHsBr-sB.Ho f 2P>Hr3. 

With carbon monoxide or triniethylamine diborane yields respec- 
tively the co-ordination compounds H^B^-CO and HaB-c- N(C 1^3)3, 
which contain the borinc radical unknown in the free state. 

The constitution of diborane and of the other hydrides of boron 
is a puzzle of wdiich no complete explanation has yet been ad- 
vanced. Only four of the hydrogen atoms can be replaced to yield 
derivatives of diborane, such as P».,Il2(CH3)4: the n'lnaining two 
atoms apfiear necessary to the structure, fhe infra-red absorptkjn 
spectrum of diborane is best intt'rpreted by a pattern of atoms 

IT -rr IT 

I, :B:f;:B:Tj» and all boranes of known structure contain boron 
II 11 H 

linked through hydrogen in a similar way. The detailed nature of 
this linking is a still incomi)letely solved problem. 

When diborane is heated to a moderate temperature, say 120”, 
it slowly decomposes, and yields a mixture (fl solid hydrides. 
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The most volatile of these has the formula Bj^Hi4. It is a crystal- 
line substance which melts at 99°, and is distinguished from the 
lower hydrides by its stability towards water, on which it floats 
undecomposed. It is decomposed by oxidizing agents. 

The Borides. — These compounds are made by union of the 
elements, or by heating borates or boron oxide with metals, with 
or without other reducing agents, such as carbon. Tlie high 
temperature of the electric furnace is sometimes required for these 
reactions. The borides resemble the carbides and silicides. They 
are mostly insoluble in water and unaffected by it, but a few, 
such as the borides of beryllium or magnesium, when treated with 
water yield a mixture of boron hydrides and hydrogen. Carbon 
boride, CB4, vies with the diamond in hardness. 

Oxides of Boron. — The only important oxide of boron is the 
trioxide, BgOg, though it is said that lower oxides have been obtained 
by the action of cold water on magnesium boride, i.e. in effect, by 
the hydrolysis of the boron hydrides. 

The trioxide is usually prepared by strongly heating boric acid, 
H3BO3, until no more water is driven off. Commercial boric 
acid is seldom very pure, but it can be purified without difficulty 
by several rccrystallizations. When obtained in this way the 
trioxide is a colourless glassy substance and has no melting-point, 
since it is an undercooled liquid. Its boiling-point has not been 
precisely determined, but is known to be high. The glass is hard 
and brittle, but softens on heating. 

Boron trioxidc dissolves in water to form solutions of boric 
acid, H3BO3, and is a very hygroscopic substance. In moist air 
it takes up water in two stages, the first yielding metaboric acid, 
HBO2, by the reaction: 

B203-f-H20=2HB02, 
and the second orthoboric acid: 

HB02-fH20=H3B03. 

Boron trioxide is converted to the nitride if strongly heated in 
ammonia gas, but it resists the action of all the halogens except 
fluorine, though it reacts with them if strongly heated in their 
presence with carbon or some other reducing agent. It has already 
been pointed out that the reduction of boron trioxide to boron is 
a matter of great difficulty. 

Boric Acid. — In addition to orthoboric acid, H3BO3, both metaboric 
acid, HBOg, and tetraboric acid, H2B4O7, are known in the solid 
state, but in solution they arc converted to the ortho-acid. X-ray 
analysis shows that the metaborates are, e.g., K3B3O3, and the 
existence of the simple acid HBOg is doubtful. Borates are known 
derived from a large number of condensed boric acids, but of the 
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acids themselves only these three representatives have been certainly 
isolated. 

Some boric acid is derived from the hot springs of Tuscany, 
but by far the larger proportion of the world’s production comes 
from the borate deposits of North and South America. In the 
laboratory boric acid is made by adding acids to concentrated solu- 
tions of borax (sodium tetraborate), and crystallizing the precipitate 
from water. Ortlioboric acid is a colourless crystalline solid which 
fools slippery between the fingers. At loo'' or a little over it forms 
the meta-acid, HBOg, and at 140“ the tctra-acid, TToP^jO,, fnun 
which borax is derived. 

Boric acid is not very soluble in cold water (about 50 gm. per 
litre at 15°) but is readily solubU* in hot water, so it can easily 
be purified by recr^^stallization. In solution it behaves as a very 
weak monobasic acid of dissociation-constant about 2Xio~®. This 
monobasic behaviour does not indicate any difference in the mode 
of attachment of the hydrogen atoms in the molecule, but merely 
a disinclination on the part oi any of them to leave it. 'I'he acid 
IS soluble in the alcohols, and yi(‘lds a fairly constant partition- 
ratio between these solvents and water, indicating a feeble dis- 
sociation in the water layer and a uniform molecular condition in 
both. The feeble acidity of boric acid makes the titration with 
caustic alkalis difficult, if not impossible, as the hydrogen ion 
concentration at the equivalence-point is only lO”^^. It is, how- 
ever, found that the addition of glycerol or mannitol to boric 
add greatly increases its dissociation, and in the presence of these 
substances boric acid can be titrated to an end-point in the region 
with phenolphthahdn. It is supposed that boric acid 
forms complexes, stronger acids than boric acid, mid probably 
of a chelate nature, with these hydroxylic compounds (compare 
the effect of glycerol on alumina). Boric acid is too weeik to 
display the usual acidic properties, but its boiling concentrated 
solutions will liberate carbon dioxide from carbonates. 

Boric acid (sometimes called ‘ boracic acid '), boron trioxide, 
and borax are all extensively used in the manufacture of glass. 
The incorporation of these substances in glass raises the refractive 
index, but litharge is more effective in this respect, and the effect 
of boron compounds on the thermal properties is more important. 
The glass is less liable to devitrification at high temperatures and 
has a low coefficient of expansion, so it is less likely than other 
kinds to crack on heating, and is used in lamp chimneys and for 
electric-light bulbs. Jena glass and other types specially made 
to resist the action of chemicals also contain boric oxide, which 
increases the resistance to alkalis, though not to acids; it also 
increases the mechanical strength. 
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Boric acid is used as a mild disinfectant and for many other 
purposes. Its use as a preservative of food has been held to be 
harmful and is now regulated by the law. 

Borates. — These salts are derived from a whole scries of condensed 
boric acids. 

Borax, sodium tetraborate, Na2B407.ioH20, is by far the most 
important of the borates. It is made on a large scale, chiefly in 
France and Belgium, from imported colernanite and ulexite, which 
have been ground and dried in the country of origin. They are 
first washed to remove chlorides, and arc then heated with water, 
sodium carbonate, and sodium bicarbonate. Calcium carbonate 
is precipitated, and borax goes into solution; it is precipitated 
from the filtered liquid on cooling, and is purified by another 
crystallization. 

When borax is heated it loses water and swells into a voluminous 
spongy form, which on stronger heating is converted to a liquid 
consisting of the anhydrous salt, Na2B407. On coolijig in the 
absence of moisture this sets to a transparent glass. Fused borax 
has the unusual property of dissolving many of the metallic oxides, 
often with the production of strongly coloured glasses. This is 
made use of in the ' borax bead ' tests of qualitative analysis. 
Borax (usually the powdered anhydrous salt) is fused in a loop of 
platinum wire and touched with a little of the substance under 
examination: from the colour it is often possible to identify the 
metal. Fused borax is also used, in welding and brazing metals, to 
dissolve any oxides which may form on the surfaces to be joined. 

Like all borates, borax is hydrolysed in solution (more than 
2 per cent in M/ioo solution), and has a pronounced alkaline 
reaction. In concentrated solution, with many metallic salts it 
produces j)recipitates of borates, but in very dilute solutions the 
hydrolysis reaches a point at which hydroxides oi oxides are 
precipitated: thus with silver nitrate solutions white silver borate 
is produced at ordinary dilutions but brown silver oxide in very 
dilute solutions. 

Perborates , — Perboric acid itself has not been isolated, but 
perborates, derived from the acid HBO3, are well known. They 
were first prepared by the treatment of concentrated borate solu- 
tions with alkali and hydrogen peroxide, but are now prepared 
either by anodic oxidation of alkaline borate solutions or by treating 
borates with sodium peroxide. 

Sodium perborate, NaB03.4H20, is prepared on a fairly large 
scale by electrolysis of solutions of borax and sodium carbonate 
at a low temperature with a platinum anode. It is a colourless 
crystalline compound not very soluble in water (about 25 gm. 
per litre at 15°). The solutions are strong oxidizing agents and 
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lose oxygen on healing. They have an alkaline reaction, and the 
perboric acid produced by hydrolysis appears itself to be hydrolysed 
with the formation of boric acid and hydrogen peroxide, according 
to the equation: 

HB03+2H20^H3B03+H20.. 

The oxidizing powers of perborate solutions arc those of hydrogen 
peroxide, but sodium perborate has the advantage of being stable 
in the solid state and easier to transport, wliile as compared with 
sodium j)eroxide it yields a much less strongly alkaline solution. 
It is accordingly used in disinfectant prei)arations, in bleaching, 
and in some well-known soap powders, though it is said to have a 
.1* ‘^tructive effect on clothes. 

Boron nitride, BN, is obtained by heating boron to a high tem- 
jjju'ature with nitrogen or with various nitrogen-containing sub- 
stances, or more conveniently by stnnigly heating boric oxide in 
a stream of ammonia. It is a white powder which, though of 
amorphous appearance, can be shown by tin* X-ray method to be 
i.iysialhne, and to have the cr\stal structure of graphite (diagram 
oil p. 89). Each boron atom is surrounded by three efjuidistant 
nitrogen atoms, and vice versa. This very closc-kmt crystal 
structure is in agreement with its chemical inertness. It melts 
(jiily at a very high temperature (3000'') and is resistant to cliemical 
attack; thus it is insoluble in water and, if it has first been strongly 
heated, is scarcely affected even by boiling water. It can be ignited 
in oxygen only at a high temperature, and is only slowly attacked 
even bv hot concentrated acids, with the formation of boric acid 
and ammonium salts. 

Bokon Halides. — Theses arc colourless compounds which much 
resemble each other in chemical iirojicrties, though the fluoridi', 
and, to a less degree, the iodide have some peculiarities. From the 
list of iheir melting- and boiling-points it will be seen that at 
ordinary temperature the fluoride is a gas, the chloride and bromide 
liquids, and the iodide a solid. In view of the formulae of the 

;;/-3 y>’cq 

Melting-point —127'" — jo/*^ 43 ° 

Boiling-point — toi ' j <)i° 210° 

hydrides of boron, it is inteiesting to note that the halides have a 
vapour density corresponding with the simple formula BX3. They 
are all hydrolysed by water, the first products being boric acid 
and hydrogen halide, and all except the iodide consequently fume 
in moist air. They are purely covalent compounds. 

Boron trifluoride, BFg, is prepared by heating boric oxide with 
concentrated sulphuric acid and a fluoride, usually cryolite, 
AlF3.3NaF. It is a colourless gas with a pungent smell, and will 
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not burn; like all the halides of boron it readily forms additive 
compounds with ammonia and other donor substances. The com- 
pound BF3.NH3 is a white solid, stable in the absence of moisture: 
it can be sublimed unchanged. 

Boron tnfliioride is exceedingly soluble in water. Its concen- 
trated solutions are viscous liquids supposed to contain fluoboric 
acid, IIJjE/,, formed by the union of boron trifluoride wath the 
hydrogen fluoride produced by hydrolysis, since with bases fluo- 
borates of the metals can be obtained from them. Like hydro- 
fluoric acid, fluoboric acid attacks glass, and must be kept in 
rubber or wax vessels. Solutions of the acid can be more easily 
prepared by dissolving boron trioxide in hydrofluoric acid. 

The fluoborates are stable compounds which on strong heating 
yield boron trifluoride and a fluoride of the metal. Fluoboric acid, 
unlike (oxy-)bnric acid, is a strong electrolyte, since solutions of its 
salts are very little hydrolysed and do not attack glass. They are 
mostly soluble in water, but potassium fiuoborate, KBF4, is only 
slightly soluble, and is yirecipi fated as a colourless crystalline sub- 
stance when solutions of the acid are mixed with solutions of potas- 
sium salts. The insolubility of this salt is another feature of the 
strong resemblance between fluoboric and fluosilicic acids. 

Boron trichloride, BCI3, is made by union of the elements, or 
more easily by passing chlorine over a strongly heated mixture ol 
boric oxide and carbon, and collecting the product in a receiver 
cooled by a freezing-mixture. The trichloride is purified by 
fractional distillation. It forms additive compounds with ammonia, 
phosphine, phosphoryl chloride, nitrosyl chloride, and other 
substances. 

Boron tribromide, BBrg, resembles the chloride in its methods of 
preparation and in its properties, though it is much less volatile. 

Boron tri-iodide, BI3, is prepared by strongly heating boron in 
a current of hydrogen iodide. The product, which distils, is 
freed from iodine by dissolving it in carbon disulphide and shaking 
with mercury. Unlike the other halkh^s, it will burn if strongly 
heated in air or oxygen, liberating iodine and leaving the oxide. 
The crystals are very hygroscopic and are decomposed by water, 
but will dissolve unchanged in carbon tetrachloride or benzene. 

Boron sulphide, B2S3, is obtained by heating boron in hydrogen 
sulphide, or by heating boric oxide and carbon in the vapour of 
carbon disulphide. It is a colourless solid which melts at 310° 
and burns when heated in oxygen. It reacts violently with water, 
forming hydrogen sulphide and boric acid. 

Boron sulphates. — By the interaction of boric and sulphuric 
acids or their anhydrides, various substances have been prepared 
which by the action of water yield boric and sulphuric acids. Thus 
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when boric acid and sulphur trioxide are mixed, and the product 
is heated to 100°, boron hydrogen sulphate, RH3(S04)3, is obtained 
as a colourless hygroscopic solid melting at 215°: 

H3B03+3S03=BH3(S04)3. 

Boron phosphate, BPO4, is obtained by boiling boric and phos- 
phoric acids together and evaporating to dryness: 

H3B03+H3P04==BP04+3K30 t . 

It is a colourless solid with a high melting-point which is insoluble 
in water and chemically unchanged even by boiling water, but it 
!s decomposed by hot concentrated caustic alkalis. 


Aluminium 

A1-” 26*97. Atomic Number, 13 

History. — ^The word 'alum' is derived bom the Latin olumen, 
' a mineral salt with an astringent taste ’ — i)robably crude 
aluminium sulphate contaminated with various impurities. St aui. 
(1702) believed the basis (jf alum to be a distinct calcareous ' earth/ 
an opinion conlirmed by Pott in 1746. Makg(;kaf (1754) obtained 
alumina from clay, and showed that, wliilc an ‘ earth,' it was not 
calcareous, but rather like silica. In 1782 J.avoisier suggested 
that alumina was a metallic oxide, and in 1824 OEiiSTitD claimetl to 
have isolated metallic aluminium by the action of jxUassiurn 
amalgam on aluminium chloride. I'iiree years latcT (1827) Wohler 
obtained the metal, in tlie form of a grey powder, Iw heating the 
chloride with metallic potassium. 

Occurrence and Extraction.— Of all elements, aluminium is 
believed to be the third in order of abundance, being preceded 
only by oxygen and silicon, and is the most abundant of the 
metals. A large proportion occurs in the form of aluminosilicates, 
(T)mplex and ver}^ refractory substances which cannot at ))n\sent 
be profitably used for its manufacture. From this point of view 
the only important ores arc bauxite, a hydrated oxide, Alj.03.2Hj)0, 
always associated with ferric oxide and silica, and to a less degree 
cryolite, 3NaF.AlF3, found in Greenland, where it is said to be used 
by the Eskimos for snuff. The piincipal deposits of bauxite are 
in the south of France, South America, U.S.A., Ireland, and Hungary. 

For the manufacture of aluminium the bauxite must be purified. 
It is heated with caustic soda solution under pressure, when the alu- 
minium oxide dissolves as an aluminate while the impurities remain 
undissolved: 


AlA + 2OH ' - 2 AIO2' + H2O. 
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The solution is filtered and pure hydrated aluminium hydroxide 
piecipitatcd from it citluT by carbon dioxide or by the addition of 
a little of the crystalline liydroxide itself. The possibility of 
carrying out this remarkable process is attributed to the slow 
spontaneous formation of more condensed and less soluble forms 
of the hydroxide, the precipitation of which is assisted by seeding 
with tne crystalline substance. 

Aluminium, like the alkali-metals, is too electropositive to be 
made by electrolysis of its aqueous solutions, and is manufactured 
on a very large scale by the electrolysis of bauxite dissolved in 



molten cryolite. Since sodium is much more electropositive than 
aluminium, there is no danger theit sodium will be found in the 
product, but on the other hand any iron present in the bauxite as 
an impuritv will be deposited at the cathode. Pure bauxite must 
therefore be used. It readies the aluminium works as a fine wliite 
powder that can be forced through pipes like a liquid, and is 
delivered in this way to the electrolytic furnaces. These furnaces 
work at 5*5 volts. The anodes consist of carbon blocks, made 
from gas carbon and pitch pressed together in a mould, and are 
held in iron sockets. Thev are slowly attacked by the oxygen 
evolved at the anode, and last about ten days. The cathodes 
are made of cast iron. The aluminium alloys with them, and they 
are periodically removed and sold to iron foundries as ' deoxidizing 
scrap.' The furnaces arc tapped about twice a week; the molten 
aluminium is run into a bucket conveyor and carried to the refining 
furnaces as rapidly as possible, since molten aluminium is readily 
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oxidized by the air. Here it is kept liquid while heavy impurities 
sink to the bottom as a slag. The oxide is then skimmed from the 
top and the metal run into moulds. It contains a little iron as 
impurity. 

The manufacture of a kilogram of aluminium by this process 
requires about 25 kilowatt-hours; a cheap supply of electricity is 
Iherefore essential, and to avoid transmission losses aluminium 
works are usually situated near water-power which can be converted 
to electricity. The largest aluminium undertaking in the British 
Isles is the British Aluminium Company at Kinlochleven, in 
Scotland, where abundant water-power from Ben Nevis is available. 
These works supplied all the aluminium high-tension cables required 
L)y the ‘ grid ' electricity supply scheme. 

Tlie rise of the aluminium industry is one of the romances of 
industrial chemistry. In i860, wlien aluminium was produced 
by reduction of its compounds with sodium, the metal cost some 
forty shillings a pound. In 1886 Hall in America introduced the 
modern electrolytic process, and production increased at such a 
rate that by 1895 the price })er x)ound had sunk to is. $d. The 
development of the light aluminium alloys and their modern uses 
in aircraft, machinery, housing, and metal articles of all kinds has 
led to a further great expansion in the industry, and production now 
reaches over 300,000 tons per annum. 

Properties. — Aluminium is a silvery-white metal with a density 
of 2-7. It melts at 659® and boils in the absence of air at about 
1800°. The hardness of the metal depends on the treatment to 
^vhich it has been subjected; at temperatures not far below the 
melting-point aluminium becomes brittle and may be powdered. 
It is an excellent conductor of electricity and is now widely used 
lor that purpose in place of the more expensive copper. 

In air at ordinary temperatures aluminium becomes coated with 
a thin film of oxide which tarnishes it. If .strongly heated in air 
or oxygen the metal burns, forming oxide with traces of nitride, 
and the molten metal is rapidly oxidized in the air. The amal- 
gamated metal is al.so rapidly oxidized, and a strip of foil treated 
m this way and exposed to the air .soon Ix'comes too hot to hold, 
while flecks of the oxide appear on its surface. The formation of 
an oxide film prevents aluminium from dis.solving in water, even 
though its standard electrode potential is about — i*bo volts, but 
quite small traces of certain impurities either in the aluminium or 
in the water allow the action to proceed slowly, esjiecially on 
boiling. The hydrogen ion concentration even of solutions of 
ammonium salts of strong acids is .sufficient to prevent the formation 
of an oxide film and to allow the dissolution of the metal. 

Aluminium dissolves readily in acids if measures are taken to 
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keep the surface clear. Hydrochloric acid dissolves it under all 
conditions, but dilute sulphuric acid is nearly without action, as a 
film, perhaps of hydrogen or perhaps of a basic sulphate, is formed 
on the surface. This film can be removed by boiling, and the 
metal liberates hydrogen from hot dilute sulp)huric acid, and 
sulphur dioxide from the hot concentrated acid. In nitric acid 
of all concentrations the metal readily assumes the passive 
state, and aluminium containers are used for the transport of this 
substance. 

Aluminium vigorously liberates hydrogen from alkaline solutions. 
The cause of this reaction is the formation of an aluminate: 

2Al+20H'+2H.p-2Al02'+3H2 f . 

The hydroxyl ion concentration of sodium carbonate solutions is 
fully sufficient for the reaction to take place. 

Aluminium is a reactive element that readily unites with all 
the halogens and can easily be oxidized. Combination with the 
halogens takes pdace at room temperature or on gentle healing, and 
when once started proceeds with incandescence. A dry mixture 
of aluminium powder and iodine is comparatively stable, but if 
a drop of water is added it inflames with the production of a 
purple cloud of iodine vapour. With hydrogen chloride, alu- 
minium produces aluminium chloride and hydrogen ev^n at room 
temperature. 

In the pure state or in alloys aluminium is now used in large 
quantities for constructional work, cooking utensils, electric cables, 
aircraft, and in all machinery where lightness and strength are 
required, e.g. in motor cars. The welding of the metal is difficult 
on account of the ease with which it oxidizes on heating, and it is 
usually more satisfactory to replace the damaged part. The two 
most important alloys of the metal are duralumin (about 95 per 
cent Al, 4 p)er cent Cu, 0*5 per cent Mg, 0*5 per cent Mn) and mag- 
nalium (aluminium with i or 2 per cent each of magnesium, 
coj)j)er, and nickel). Aluminium is also used as a deoxidizer in 
the manufacture of steel. 

An interesting process has been devised by which aluminium 
can be coated with a permanent and resistant film of oxide. The 
article to be coated is made the anode in a bath containing chromic 
acid. It rapidly becomes covered with an invisible but tenacious 
coating, and a high voltage is needed to pass the current. Certain 
dyes can be incorporated in the coating by simply adding them to 
the bath, and the articles produced in this way can be given a dull 
polish. 

There are several important uses of aluminium powder. The 
heat of combustion of aluminium is high, some 400,000 calories 
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per gram-atom, and its great affinity for oxygen has important 
applications. In a recently invented blowpipe a stream of the 
powder is burned in a current of oxygen, the resulting temperature 
exceeding that of the oxy-hydrogen blowpipe. The use of the 
powder as a reducing agent on the large scale is, however, of much 
earlier introduction, and is due to Goldschmidt, whose process 
for the manufacture of metals 
whose oxides are difficult to 
I educe is still in use. In the 
process this metal oxide is 
mixed with aluminium powder 
in a large crucible, usually 
placed inside another crucible 
packed with sand in case the 
first should crack. The mix- 
ture is hred by a fuse of alu- 
minium powder and barium 
peroxide, which becomes in- 
candescent when itself ignited 
by a burning magnesium 
ribbon, and starts the mam 
reaction. I'he heat developed 
is enough to melt the whole contents of the crucible, and a lump of 
the metal, often in a state of high purity, collects at the bottom. 
Thus with chromium the reaction is: 

2 Al-{-Cr.^ 03 ~Al 203 + 2 Cr, 

and the product has a purity of 98 to 99 per cent. Metals prepared 
in this way are free from carbon, and this is often an important 
advantage. 

A mixture of aluminium powder and ferric oxide is used under 
the name thermit as a source of heat. When once begun the reaction 
takes place very rapidly, and the temperature produced under 
favourable conditions is said to exceed that of the electric furnace. 
Thermit is used for rcmelting metal in foundries and for welding 
pipes or rails together; these arc simply surrounded by thermit, 
which is then fired and melts them together. 

The explosive ammonal consists of ammonium nitrate and 
aluminium powder. It must be fired by a detonator. 

Powdered aluminium is the basis of the so-called ' silver ' paint 
now often used for coating radiators and other metal-work. 

Alumimum oxide, AI2O3, and hydroxide. — This substance occurs 
native, not only in the hydrated form as bauxite, but also anhydrous 
as corundum. Many gems, among them sapphires, rubies, and 
oriental amethysts, consist of aluminium oxide coloured by traces 
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Fig 122. GorDbciiMiDx's Process 
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of oxides of other metals. Artificial rubies have been made by 
fusing aluminium oxide in the blowpipe with the addition of a little 
chromic oxide: the product can be distinguished from a natural 
rul^y only by examination under a microscope, which reveals 
fine bubbles of air in the synthetic material. 

The name alumina is given to the oxide. Its preparation on 
the commercial scale has been briefly described. In the laboratory 
it may be made by heating pure aluminium sulphate to a high 
temperature with anhydrous sodium carbonate and washing the 
sodium sulphate from the cooled product. It is a colourless solid, 
which can be obtained in the crystalline form, and melts at about 
2000*^. When strongly heated, the oxide suffers an internal change 
and is no longer hygroscopic. It is very stable at all temperatures, 
and must be heated very strongly indeed — e.g. with the oxy- 
liydrogen blowpipe — before it can be reduced with hydrogen. It 
dissolves only slowly in eicids or alkalis, wiiether in solution or fused. 
Under the name of alundum, the fused oxide has been used in the 
manufacture of refractory crucibles. Alumina in a finely divided 
state is the most popular adsorbent in chromatographic analysis 
(see T. I. Williams, An Introduction to Chromatography , 1946). 

'I'hc monohydrate, AI2O3.H2O, is known as diaspore, the tri- 
hydrate, AI2O3.3H2O, as gibbsiie; they both occur in nature. 
By the addition of alkaline solutions to solutions of aluminium 
salts a gelatinous precipitate is thrown down which consists of the 
oxide, or hydroxide, associated with varying amounts of water. 
It must be strongly heated before all the water is expelled. When 
freshly precipitated it is freely soluble in acids, with the formation 
of aluminium salts, but after it has been kept for some time it 
grows insoluble. X-ray examination shows that this change in 
the solubility is accompanied by a change in the crJ^stal structure. 
The gel very readily absorbs substances from solution, and these 
cannot easily be removed by washing. It has been used in water 
purification: a precipitate of the hydroxide is produced in the 
water by the addition of alum and lime, and this carries down with 
it any floating impurities. 

Aluminium hydroxide is soluble in solutions of sugar, glycerol, 
and many other hydroxyl ic organic compounds, with which it 
jirobably forms complexes of a chelate type, and it cannot bo 
precipitated by alkalis from aluminium solutions in w^hich these 
substances are present in sufficient concentration. It is amphoteric 
and dissolves in acids to form aluminium salts and in bases to form 
aluminates: 

Af + 30 H'^A 1 ( 0 H) 3 ^H -bAlO.'+Hp. 

The acidic properties of the hydroxide are very weak, and the 
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aluminates are much hydrolysed. Most of the available evidence 
points to a formula AlOg' for the aluminate ion, and each gram- 
molecule of sodium or potassium hydroxide will bring approximately 
one gram-molecule of aluminium hydroxide into solution, in 
accordance with the equation: 

A1 (OH) j + OH' - AlOo' -h 2 1 LO. 

But the aluminates can exist only in alkaline solutions, as otherwise 
aluminium hydroxide is precipitated, and even carbon dioxide 
reduces the hydroxyl ion concentration of the solution enough to 
bring this about. 

In the solid state the aluminates of the alkali-metals can be 
prepared by fusing aluminium oxide with caustic alkali, or by 
vacuum evaporation of the solutions obtained either in the manner 
already described, or by dissolving aluminium in aqueous caustic 
alkalis. They are colourless solids with formulae such as NaAlOg, 
and various hydrates can be prepared. The hydrolysis of aluminate 
solutions is a slow reaction, and is also complicated by the molecular 
change in the hydroxide which has already been alluded to. 

In several so-called aluminates, e.g. spinel, MgAl204, there is a 
lattice composed of the simple ions Mg”, Al ”, and O". 

Aluminium peroxide. — By the action of hydrogen peroxide on 
aluminate solutions a colourless precipitate is produced which has 
oxidizing properties, and which in addition to aluminium sesquioxidc 
and water is believed to contain an aluminium peroxide, AI2O4. 

Aluminium nitride, AIN, is prepared by heating aluminium to 
or over in nitrogen, or a mixture of alumina and carbon may 
be substituted for the metal. It is a yellow crystalline substance 
which melts with some decom])osition at 2200°; it will not conduct 
electricity. It is unaffected by hydrogen and must be strongly 
heated in oxygen or air before any action takes place. With water 
it yields alumina and ammonia : 

AIN+3H2O Al(OTI)3-hNir3, 

and the manufacture of ammonia from bauxite, coke, and nitrogen 
was the basis of the now obsolete Serpek process for nitrogen 
fixation. The pure alumina produced was used in the manufacture 
of aluminium. 

Aluminium carbonate. — As might be expected, the addition of 
carbonate solutions to solutions of aluminium salts precipitates 
not the carbonate, which is unknown, but the insoluble and weakly 
basic hydroxide. 

Aluminium Halides. — All these compounds can be made by 
union of the elements. The conflicting tendencies of aluminium 
to form electrovalent and covalent compounds are well brought 
s 
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out in this series of compounds, for while the fluoride has a high 
melting-point and is unaffected by water, the other halides are 


Melting-point 

AIF^ 

1040“ 

AlCl^ 

Sublimes at 

AWr^ 

98° 

Alh 

Boihiig-point 


about 

270^^ 

385 ^ 


comparatively volatile substances easily hydrolysed. Like other 
elements, aluminium most readily forms complex ions with the 
fluorides, and it is interesting to note that whereas the fluoborate 
ion is BF/, the fluoaluminate is AIF^'"; this is a confirmation of 
the known rule of the covalency maximum. All the aluminium 
halides readily form addition compounds with donor substances. 
The fluoride is unaffected by heating in air, while the iodide burns 
and the chloride and bromide show an intermediate behaviour. 
Solutions of all the halides except the fluoride have a considerable 
conductivity from hydrolysis, but the halide molecules appear not to 
be greatly dissociated, and their covalent character is further shown 
by their solubility in such solvents as benzene or carbon disulphide. 

Aluminium fluoride, AlFjj, is usually prepared by heating 
aluminium sulphate with sodium fluoride and extracting the product 
with water. It is a colourless solid, chemically inert and unaffected 
by acids and alkalis, but hydrolysed by heating in steam. A 
number of hydrates have been described, some soluble in water 
and some insoluble. The fluoaluminate^ are obtained by the 
addition of fluorides to aluminium fluoride. The fluoaluminates 
of the alkali-metals or ammonium are only slightly soluble in 
water, and sodium fluoaluminate , NagAlFtj, which occurs in Green- 
land as the mineral cryolite, is of commercial importance. It is 
precipitated when sodium solutions are added to a solution of 
aluminium hydroxide in excess of hydrofluoric acid, and is a stable 
crystalline substance melting at about 1000° and almost insoluble 
in water. 

Al uminium chloride, AICI3, is a compound of some importance 
in the laboratory on account of its use in organic syntlieses. Before 
metallic aluminium was available in quantity, the chloride was 
usually prepared by the method invented by Oersted, and still 
much used for the preparation of the chlorides of those metals, 
such as zirconium, which cannot easily be ])rocured m the elemen- 
tary state. In this method a mixture of the oxide with carbon is 
strongly heated in a current of chlorine: 

2AICI3. 

It is now more usual to pass hydrogen chloride or chlorine over 
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the heated metal in an apparatus such as that shown in the diae^rain. 
As the product is attacked by water, the stream of gas must be 
carefully dried, and to avoid excessive exposure to the atmosphere 
the chloride is usually collected in the bottle in which it is to be 
kept. A wide tube must be used to prevent blockage. If necessary, 
the chloride can be purified by sublimation in a current of dry 
hydrogen or nitrogen. 

Aluminium chloride forms colourless and very deliquescent 
crystals which sublime on heating, but by rapid heating they can 
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he converted to a liquid boiling at 183°. The vapour di‘nsity at 
temperatures near ihe boiling-point corresponds with a formula 
Al.^Cl^, but at higlier temperatures dissociation into siinjdc molecules 
takes place. In an indifferent solvent surh as carbon disulphide, 
aluminium chloride is polymerized to double molecules, but in 
donor solvents like water, with which it is probably combined, 
cryosco])ic measurements lead to the simple moleculai weight. 

The constitution of the double molecule is 

Cl Cl Cl 

\ \l / 

Al Ai 

/ ^ \ 

Cl Cl Cl 

Aluminium chloride is hydrolysed by steam, and when heated 
in the air yields either an oxide or an oxychloride. It forms 
addition-compounds with many donor substances, among them 
ammonia and ammonium salts, phosphine, carbonyl chloride, and 
certain hydrocarbons such as benzene. The compounds with 
ammonia are extremely stable, and that with the formula 
AlClg.NHs has a vapour pressure of only 100 mm. at more than 
700®. Aluminium chloride is used as a catalyst in cracking petroleum. 

The chloride is extremely soluble in water, and at room tem- 
perature (15'’) 100 gm. of a saturated solution contain more 
than 40 gm. of it. The solutions are little dissociated and much 
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hydrolysed, the hydrolysis reaching nearly 30 per cent in a fiftieth- 
molar solution at room temperature. The hydrolysis is, however, 
less than that of ferric chloride solutions in similar circumstances. 
Evaporation of the aqueous solutions yields the hydroxide mixed 
with the chloride or perhaps with oxychlorides, but various hydrates 
of aluminium cliloride can be prepared by careful evaporation of 
its solutions in hydrochloric acid. Unlike the anhydrous salt, 
these hydrates will not dissolve in such solvents as benzene. 

Aluminium bromide, AlBrg, is prepared by the action of bromine 
vapour on hot aluminium. If liquid bromine is used the action is 
inconveniently violent, and the heat develo])ed is sufficient to 
melt the metal. 1'he bromide is purified by distillation, and is a 
colourless solid resembling the chloride in its properties; like the 
chloride, it exists in double molecules in the vapour state and in 
inert solvents. It is easily converted to oxide by heating in the air. 

Aluminium iodide, AIL^, is prepared by the action of excess of 
aluminium on iodine, followed by strong heating to expel any 
unchanged halogen. 3 'hc reaction, which is accompanied by 
incandescence, proceeds spontaneously at room temperature if a 
drop of water is added to the mixture. The heat develojied is 
then sufficient to volatilize the iodide, which burns in the air with 
a red flame, forming aluminium oxide and iodine. The iodide is 
hydrolysed by water. 

Aluminium sulphide, AlgS,. — It was a successful attempt to 
prepare aluminium sulphide by the action of aluminium powder on 
lead sulphide at a high temperature that led Goldschmidt to the 
invention of the ]H'oce.ss for the reduction of metallic oxides and 
sulphides which now bears his name. The compound can be pre- 
pared by mixing the powdered elements in the correct ])Toportions 
and starting the reaction with burning magnesium ribbon; combina- 
tion then takes place with tlie development of great heat. The 
sulpdiide can be purified by sublimation at a very high temperature 
(1500°) in an inert atmosphere. It is a colourless solid melting at 
1100^, and is decomposed by water, so that it cannot be precipitated 
from aluminium solutions, wliich are unaffected by hydrogen 
sulphide and precipiitate aluminium hydroxide when treated with 
ammonium sulphide. Ibc action with water, which takes place 
according to the equation: 

Al.,S,,+bH 20 = 2 Al( 0 H) 3 1 +3lI,S f . 

has been used for the prej>aration of pure hydrogen sulphide. Not 
all the sulphides of weak insoluble bases are decomposed by water; 
for this reaction to take place it is essential that the sulphide 
should be slightly soluble. 

Aluminium sulphate, Al2(S04)3. is prepared on the large scale 
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from bauxite by dissolving in sulphuric acid the pure hydrated 
aluminium oxide which can be obtained from this mineral. 
Numerous hydrates are known, of which the most important is 
the substance Al2(S04)3.i8H20, which separates from the aqueous 
solutions. The sulphate is very soluble in water. If strongly heated, 
e.g. to 750°, the sulphate loses sulphur trioxide and leaves the oxide. 

Aluminium sulphate is used in sizing paper, tanning leather, 
waterproofing cloth, and as a mordant in dyeing wool or cotton. 
For these purposes the alums are also frequently emj^loycd. The 
alums are double sulphates such as K2S04.Al2(S04)3.24H20, a salt 
to which the name potassium alum, or simply aJuniy is given. The 
univalent metal can be any of the alkali-metals, ammojiium, or 
thallium, and the tervalent metal aluminium, gallium, indium, 
titanium, vanadium, chromium, manganese, iron, cobalt, rhodium, 
or iridium, w^hile the sulphur can be replaced by selenium. For a 
substance to be called an alum, it need not necessarily contain 
.ilmninium. The alums are double salts, and in their solutions arc 
<iecomposed into their constituent ions without any apparent 
formation of complexes. 

Potassium aluminium sulphate, ‘ alum/ K2S04.Al2(S04)3.24H20, 
lb precipitated when mixed concentrated solutions of potassium 
and aluminium sulphates are cooled. This process is earned out 
on a commercial scale, and alum is also obtained from a basic 
sulphate alunite, which is found at Civata Vecchia, in Italy, and 
has been used for centuries as a source of alum. This is heated, 
crushed, exposed to tlie air, anti extracted with water; alum can 
then be obtained by concentrating the solution. When strongly 
he.itcd, alum loses water and falls to a friable mass of the dehydrated 
double salt, called ‘ burnt alum.' 

One hundred grams of boiling water dissolve about 360 gm. 
of alum, but little more than onc-hundredth part of this weight 
at 0° C. Alum can tliercfore very easily be piiritied by recrystal- 
lization. As the absence of iron is important in aluminium com- 
pounds which are to be used as mordants, alum is for this purpose 
often preferred to aluminium sulphate, w'liich is not so easily 
purified. It is also used in tanning leather. 

Aluminium nitrate, A^NQ.^).,, can be prepared in solution by 
dissolving aluminium hydroxide in nitric acid. By evaporation 
of the solution in the presence of excess of nitric acid to prevent 
hydrolysis, the hydrate A1(N03)3.9H20 is obtained, and others 
are known. The salt is soluble in alcohol and acetone as well as 
in water. It readily decomposes on heating, and the anhydrous 
salt has not yet been prepared. 

Aluminium phosphates. — Several of these salts are found native 
in varying degrees of purity, and they can also be prepared by 
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precipitation, as they are all insoluble in water. Minerals containing 
phosphates of aluminium are usually acted on only slowly by acids, 
and are best brought into solution by first fusing them with sodium 
carbonate and then adding acid to the cold mixture. 

Aluminium silicates and the aluminosilicates. — China clay, or 
kaolin, is an impure silicate of aluminium, and complex alumino- 
silicates of the alkali- and alkaline-earth metals occur in nature: 
they are called icohtcs. Similar substances, pre})ared by fusing 
china clay with sodium or potassium carbonate and sand, have in 
recent j^ears attained considerable practical importance under the 
name of permntitcs, and are further distinguished as sodium per- 
mutite, calcium permutite, and so on, according to the nature of 
the alkali- or alkaline-earth metal which they contain. They are 
porous substances practically insoluble in water, but with the power 
of exchanging the cation with that of a salt solution in which they 
are placed. Thus if a solution of a calcium salt is poured through 
a layer of sodium permutite, the calcium is rei)laced by sodium in 
the solution and itself remains in the permutite: 

2Na permutite-t-Ca“; >2Na’d- Ca permutite. 

As the reaction is perfectly reversible, the sodium permutite can 
be recovered by pouring a concentrated solution of brine through 
the calcium permutite produced. This is the basis of an important 
process for softening water by removal of the calcium and mag- 
nesium salts. Soluble carbonates can also be removed from water 
by filtration through calcium permutite, which leaves a depc^sit of 
calcium carbonate on the permutite. 


Subgroup A 

Scandium, Yttrium, Lanthanum, and the Rare Earth Metals 

SCyVNDIUM 

Sc --44-96. Atomic Number, 21 

History and Occurrence. — This clement was discovered by Nilson 
in 1879. Its properties were found to correspond closely with 
those attributed by Mendeleeff to an clement undiscovered at 
the time of his description of it. Although widely distributed in 
small quantities, scandium is a scarce element, and usually occurs 
in association with the rare earths. A mineral thortveiiite is, how- 
ever, known that consists essentially of scandium silicate. 

For the separation of scandium from the rare earths and thorium 
special methods have been worked out which cannot be described 
here. In some processes the element is precipitated as the fluoride, 
in others as scandium ammonium tartrate, and many further 
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processes have been devised. Neither scandium nor its compounds 
are of any commercial importance. 

Properties. — In its compounds scandium somewhat resembles 
]:>eryllium, but it is uniformly tervalent. The _ hydroxide is a 
stronger base than aluminium hydroxide, but weaker than the 
hyc^l^'f^xides of the rare earths. It is distingiiislied from aluminium 
hydroxide by its lack of amplioteric properties, as shown by its 
insolubility in caustic alkaline solutions, but, unlike the hydroxides 
of the rare earths, can be precipitated by the addition of sodium 
thiosulphate solutions, which are feebly alkaline through hydrolysis. 
'I his is made use of in one process for the separation of scandium 
from these elements. Scandium hydroxide is not so weak a base 
that scandium carbonate cannot be precipitated from solution — 
another distinction from aluminium — but scandium sulphide, like 
aluminium sulphide, is decomposed by water, at any rate on boiling. 
The halides of scandium are more salt -like than those of aluminium, 
tlicy arc less liydrolyscd in solution, and are much less vokitile. 
All these properties are what would be expected from the position 
of scandium in tlie pefiodic table. 

TJie properties of the metal have not been closely investigated, 
but 1200° is given as tlie melting-point. 

Scandium fluoride, ScFg, is prepared by the action of hydrofluoric 
acid oil scandium hydroxide, and much resembles the fluoride of alii- 
uiinium. It is a very stable substance only slightly soluble in water, 
but freely soluble in solutions of fluorides, provided that the fluoride 
ion concentration has not bccai reduced by the addition of acids. 
I'hese solutions contain jluoscandatcsy yielding the ion Scl\/", and 
stable in the solid state. The complex is fairly stable, since ammonia 
will not precipitate scandium liydroxide from fluoscandate solu- 
tions. The fluoscandates ot amiuonium and the alkali-metals differ 
from the fluoaluminate by their much greater solubility in water. 

Scandium chloride, ScClg, is obtained by the action of a mixture 
of clilorine and sulphur monochloride on hot scandium oxide. It 
is a colourless solid which melts at 939° and begins to sublime 
somewhere over 800°, so it is much less volatile than aluminium 
chloride. Its solutions are less hydrolysed than those of aluminium 
chloiidc, and it will not dissolve in alcohol. 

Scandium sulphate, Sc2(S04)3, can be obtained in solution by 
dissolving the hydroxide in dilute sulphuric acid, and crystallizes 
from these solutions as the hexahydrate Sc2(S04)3.6H20, which can 
be dehydrated by heating. As some hydrolysis takes place, it is 
best to carry out the heating with a little sulphuric acid. 

Scandium carbonate, Sc2(C03)3, can be precipitated from scandium 
solutions as the hydrate 802(003)3.12^120. If this substance is 
gently heated it loses carbon dioxide as well as water. 
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Tjik Rare Earth Elemenis 


This term is applied to the elements of atomic numbers 57 to 71 
inclusive, as follows: 


57 Ea I^antlianum 

58 ( o Cerium 

lY Praseodymium 
bo Md Neodymium 
Ci ]*m Prometluuin 


62 Sm Samarium 
O3 Eu Europium 
6 1 Gd Gadolmiiim 
(>5 T'b Terbium 
00 Dy Dysprosium 


67 Ho Ilolmiuin 

68 Kr Erbium 
60 Tm Thulium 

70 Yb Ytterbium 

71 l-,u Lutetium 


as well as to the remaining members of Groii]) III, Subgroup A, 
39, Y, Yttrium, and, more rarely, 21, Sc, Scandium. The two 
last members of Group IV, Subgroup A, namely. 72, Hf, Hafnium, 
and qo, Tli, Thorium, are also sometimes included, but with less 
justification. Tliese elements will be considered with the elements 
of Group I\^ and so will cerium, as it possesses features which 
distinguish it from the rare earths — notably a stable valency of 
four, feebly marked with praseodymium and neodymium, but 
unknown in the rf‘st of the group. 

The tilements of the rare earths are all tervalent, and have similar 
but not identical properties. They therefore occupy a peculiar 
})osition in the periodic table, since most elements are sharply 
distinguished in properties from their neighbours to the right and 
left. This peculiarity is reproduced, though more faintly, in the 
transition elements, and the same explanation has been advanc'cd 
ior both (p. 348), namely that the electron structures of the elements 
differ not in the valency group but in an inner group. But whereas 
in the transition elements the variation occurs in the outermost 
group but one, in the rare-earth elements it occurs in the outermost 
group but two, and this is why the similarity of properties is so 
much more strongly developed. 

The electron structures assigned to all the elements mentioned 
are as follows: 
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Throughout the set of rare-catth elements the valency electrons 
are three in numlxr, two having the type 6 s orbit, and one the type 
orbit. Only in cerium and its next neighbour praseodymium 
does one 4/ electron contribute to a quadrivalency. The xenon 
core of completed shells is common to them all, so that they differ 
solely in the content of electrons in 4/ orbits. 

Occurrence and Extraction. — As their name im])lies, the rare 
earths are all scarce elements, though like many other scarce 
e lements they are found in traces in many parts of the world. In 
j)ractically all rare-earth minerals several elements occur together, 
and this has added to the difficulty of their investigation. 

(jadoHnitc is a rare earth silicate discovered near ^'tterby, in 
Sweden, by Gadolin towards the close of the eighteenth century. 
This obscure northern township has given its name, or parts of it, 
to no less than four of the chemical elements, namely ytterbium, 
\'ltrium, terbium, and erbium. Samarskite is a mixed uranate 
and tantalate of the rare lairths discovered in the Urals in 
uS^-jg, and formerly considered to be a possible source of element 
No. 85 (eka-caesium, p. *131). The only important modern source 
of the rare earths is, however, monazitc, which is essentially a 
mixture of phosphates of rare-earth metals with about 6 per cent 
of thorium phos])hate. It is worked on the large scale for thorium, 
and the residues of this process consist of compounds of mixed 
rare earths from which all recpiirements can be supplied. Eor 
many years no use was known for these substances, and they 
accumulated in the hands of the manufacturers. Cerium is now 
an element of some small commercial importance, and the residues 
are worked for it; hut the sujiply of the associated rare earths 
considerably exceeds the demand. They are not usually separated 
from the cerium salts. 

Separation of the Rare Earths. — Cerium can be separated without 
much difficulty from the residues of the manufacture of thorium 
nitrate, because it is the only member of the rare-earth group to 
liave a stable valency of four. Ceric h^xlroxide is a feeble base, 
and the nitrate of quadrivalent cerium is easily hydrolysed to an 
insoluble basic salt, so that cerium can be separated by boiling the 
nitrates with excess of water, w'hen the other alkaline-earth nitrates 
pass into solution. In another method ceric hydroxide is precipitated 
by permanganate from a solution of a ccrous salt: 

3 Ce"‘-fMn 04 '-f ioHa 0 ^ 3 Cc(OH )4 j -f MnOg | -|8H*. 

The solution must be kept slightly alkaline by the addition of sodium 
carbonate. Numerous other methods are available. 

The separation of the other rare earths is far more difficult. The 
first step is usually to divide them into groups according to the 

*s 
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solubility of their sulphates in a cold solution of sodium sulphate. 
The sulphates of yttrium and the elements of atomic number 
65 to 71 (i.e. Tb, Dy, Ho, Er, Tin, Yb, and Lu) dissolve readily, 
while the sul])hates of lanthanum and elements 5c) to 64 (i.e. Pr, 
Nd, Sm, Eu, and Gd) are very much less soluble. The former is 
called the terbium grouj), the latter the cerium group, since it is 
found to include cerium if this element has not already been removed. 
The elements Sm, Eu, and Gd from the cerium group, and Tb from the 
terbium group, are sometimes placed in an intermediate group, and 
if this is done the classification of the rare earths by the solubilities 
of tlu'ir double sulphates with sodium leads to the following result: 

A. Almost insoluble: La, Ce (if present), IV, Nd. 

B. Slightly soluble: Sm, Eu, Gd, Tb. 

C. Soluble: Sc (if present), Y, Dy, Ho, Er, Tin, Yb, Lu. 

It is intere.sting to notice that in tlie rare earths proper this 
property follows the se(piencc of the atomic numbers, while scan- 
dium and yttrium come in the same group as lutctiurn. Many of 
the properties used in the separation of the rare earths — chiefly 
solubilities — follow tliis order or something like it. Measurements 
of the hydrogen ion concentration of solutions of the rare-earth 
chlorides show that the order in the electrochemical series is also 
the order of atomic number (Ce/Ce*'^, 2*3 v., Lu/Lu^+, 2-i v.). In 
connection with Fajans’ theory (p. 340) it may be notc'd that this 
order is also the order of decreasing radii of the ions M^^' (Ce, i*i8; 
Lu, 0-99). 

Separations within these groups are very difficult, and usually 
depend either on fractional precipitation of the bases with ammonia, 
or on fractional crystallization of the salts. The separation of 
cerium from group A has already been described, and as lanthanum 
hydroxide is a stronger base than the hydroxides of praseodymium 
or neodymium, the two latter can be removed by fractional precipi- 
tation. An electrolytic method has also been used with success. 
When solutions of rare-earth salts are electrolysed, the insoluble 
hydroxides appear at the cathode, the weaker bases predominating 
in the precipitate. In this way nearly all the praseodymium and 
neodymium can be precipitated while the lanthanum remains in 
solution. The separation of these two elements is effect(*d by a 
laborious process of fractional crystallization from nitric acid of 
the double nitrates with manganese. From the group.s B and C 
samarium, europium, and ytterbium are separable by reduction since 
they alone among the rare-earth elements show bivalency. 

It is seldom easy to follow in the laboratory the course of a 
separation, and in the past this has led to much confusion. The 
determination of the equivalent of the metal present in a sample 
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IS a reliable method, and has been much used when there is a 
considerable difference between the atomic weights of the rare- 
earth elements to be separated. It is, however, rather tedious, 
and when possible resort is had to more rapid methods. Coloured 
salts, such as those of praseodymium and neodymium, offer obvious 
opportunities, and measurement of the magnetic susceptibility 
sometimes provides a useful criterion. 

History of the Rare Earths. ~x\n outline of the history of the 
rare-earth elements has been deferred until this point with the 
object of giving the reader some idea of the difficulties with which 
the early workers had to deal. The lack ol any rapid or obvious 
criterion of the individuality of an alleged element led to a large 
number of claims, nearly all of them now discredited, that new 
ones had been discovered. Mellok, in his Comprehensive 'Treatise, 
gives a list ot no less than seventy reported discoveries, most of 
tliem unconfirmed. So baffling was the confusion in this field ot 
research that Crookes at one tune suggested that the rai e-earth 
element‘d were really different forms ot the same element For- 
tunately in our own day the determination of the atomic number 
from the X-ray spectrum allows us to state with certainty the per- 
missible number of rare-earth elements and to assign places to those 
of which specimens are available 

The history of the group begins in 17Q4 with Gadohn’s analysis 
ol the rnmera] from Ytterby. By 18^2, the earth dcnxtxl from it 
had been separated into the three earths, yttria, erhia, and terbia. 
In 1803, cerium was discovered, and in 1842 it wa^ shown to include 
not only a new earth, larithana, but also didymia, now known to 
consist of a mixture of praseodynha and neodymia, but then 
regarded as a true element. Research continued actively through- 
out the second half of the century, and was greatly stimulated by 
the invention of the incandescent gas-mantle, which not only 
created a demand for thorium and small quantities of cerium, but 
gave investigators access to abundant supplies of rare-earth com- 
pounds produced as by-products of the industry. Welsbach 
liimself took a prominent part in the discovery of new elements. 
The last of the rarc-eartli elements, No. 61, has not yet been con- 
firmed from ‘ natural ' sources. A radioactive isotope, of this 
atomic number and mass number 145 has however been isolated from 
the fission products of uranium, and promethium (Pm). 

Properties oi the Rare-earth Elements and their Compounds.— 
Only a few of the rare-earth elements have hitherto been isolated, 
but where the isolation has been accomplished it is cither by 
electrolysing the fused chlorides or by reducing them with alkali- 
metals. They are grey metals with a density of from 6 to 8. The 
hardness varies widely from metal to metal, and the atomic volumes, 
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so far as they arc known, lie between 19 and 23. The meltinf^^-points 
are as follows, the differences in the reportc d results being cliiefly 
due to imparity f)f the material: 

Ytlmiin Lanthamnn Piaseodymium Neodymium Samarium 

1250''- 8j6° 940'’ 840'’ I30o"-I4ou“ 

The metals tarnish in the air, and wlien igi\it('d burn with a liglit 
more intense than that of burning magnesium, forming a mixture 
of oxide and nitride. They also n‘.\ct wlien heated in hydrogen, 
forming brittle hydrides. 'J'liev are strongly (‘Icctropositive, and 
hherate hydrogen slowly from cold wat<T but more rapidly from hot 
w^atcT or dilute acids. 

I'he oxides, v/ith the exceptions noted below, have formulae such 
as l..a203, and are obtained by heati ug the hydroxides, easily 
precipitated by caustic alkalis from rai e-earth solutions. ITese 
hydroxides are only slightly soluble in water and are fairly strong 
bases., stronger than aluminium hydroxide and of the same order 
of stiength as ammonia. They show no amphoteric properties, 
and will not dissolve in alkaline solutions. Solutions of rare- 
earth salts arc slightly hydrol^^sed, but less so than those of alumi- 
nium, and the carbonates, unlike aluminium carbonate, can be 
precipitated m aqueous solution, but the sulphides are decom- 
posed by water, so the addition of soluble sulphides to rare-earth 
.solutions precipitates the liydroxides. The oxides have very high 
inelting-iioints, and are difficult to reduce; like the hydroxides, they 
dissolve in acids. The table shows the colours of the oxides and salts 
of the rare-earth elements having colouied tervalent compounds. 
Some of the bi\’alcnt compounds arc also coloured. 
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thiec, but the compounds .so lorined are never very stable. Apart 
from cerium, which is discussed elsewhere and excluded from this 
section, praseodymium, neodymium, and terbium form higher 
oxides when the trioxides are gently heated in air or oxygen. These 
higher oxides all yield the trioxidc and oxygen when strongly heated. 

The trichlorides of yttrium, samarium, and euro])ium can be 
reduced to dichlorides by heating in hydrogen. These dichlorides 
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dissolve in water to form solutions which are oxidized by the air 
on boiling, and solutions of samarium dichloride liberate hyc-irogen 
even in the cold. Bivalent salts of ytterbium arc also known, and 
europium or ytterbium can be separated as the insoluble bivalent 
Milpiiates prepared by electrolytic reduction. 

I'he valency of the rare-earth elements was at one time a matter 
of controversy, since no compounds are known which are sufficiently 
volatile to be used in vapour-density dct(u ini nations. Even 
[(►-day the equivalents of many of them, on account of the diffi- 
( ulties of preparing ])ure material, are known with no great degree 
of precision, but the order of the atomic weights, and lienee the 
vak'iicy, can be deduced with some certainty, cither with the help 
ol the X-ray spectrum or by the other methods available (]). bb). 

Carbonates. — The hydroxides are snfhcicnlly basic to alisorb 
carbon dioxide, but the carbonates are more easily prepared by 
})reci])i fating a rare-earth salt solution with sodium livdrogen 
carbonate. Solutions of normal carbonates preci])itatc basic salts, 
lire carbonatcis arc insoluble in water, but dissohx' in cold 
concentrated solutions of other carbonates. 

Halides. — The fluorides resembh^ aluminium or scandium fluorides 
in being insoluble in water, though hydrates of some of them have 
been prf‘pared. Tht'v can therefore be obtained by precipitating 
rare-earth salt solutions with soluble fluorides. They are not 
hx'drolysed even on evaporation to dryness Iron, aqueous solution. 

'file chlorides are much more saltlike and less volatile than 
aluminium chloride, and ('onscxiuently cannot be ])reparcd by the 
action of chlorine* on the oxide and carbon. They can be obtained 
by the action of (dilorine or hydrogen chloride on the metal, or 
more conveniently by dissolving the oxidt', hydroxide, or carbonate 
III hydrochloric acid and evaporating to dryness in a stream of 
livdrogen chloride to jirevent hytlrolysis. They are hygroscopic 
solids soluble in water or alcohol. Their aqueous solutions arc 
slightly hydrolysed, but less so than those of aluminium chloride. 
Their melting-points, ^o far as they arc known, arc as follows 
(degrees Centigrade): Y, 624; La, 872; (Ce, 822): Pr, 823; Nd, 761; 
vSm, 682; Gd, 628: Tb, 588; Ds, 680; Ho, 696. 

Sulphides. — These compounds have formulae such as La.^Sg; they 
are decomposed by water, and must be prepared in the dry way, 
usually by the action of carbon disulphide vapour on the heated oxide. 

Sulphates. —These have formulae such as La.^(S04)3, and can be 
prepared in solution by the usual methods. Evaporation of the 
solutions yields hydrates from which the water of crystallization 
can be removed by careful heating, an operation which produces 
a basic salt when applied to hydrated aluminium sulphate. The 
solubility of the sulphates of all the rare-earth elements decreases 
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rapidly with rising temperature: thus lOO gm. of a saturated 
solution of praseodymium sulphate contains 16-5 gm. of the 
anhydrous salt at 0°, but only i gm. at 95°. 

Nitrates. — vSalts such as La(N03)3 can be prepared in solution by 
the usual methods, and separated from the solution as hydrates, 
but attempts to prepare the anh^^drous salts by heating the hydrates 
lead to decomposition. The hydrates are soluble in water, alcohol, 
and acetone. 


SuBGKour B 

Gatxium, Indium, Thallium 
Gallium 

Ga— 69*72. Atomic Number, 31 

A comparison of the spectrum of indium, which had been dis~ 
covered in 1863, with that of aluminium, led the French chemist 
LECOg DE Boisbaudi^an to suppose that an clement as yet undis- 
covered existed with intermediate properties. In 1868 his search 
was rewarded by the discovery of a new element in a sample of 
zinc blende from the Pyrenees: he called it gallium in honour of his 
country. The properties of the new element were substantially the 
same as those assigned by Mendeleeff to eka-aluminium. 

Occurrence and Properties. — Gallium is one of the scarcest of 
elements, and our knowledge of the metal and its compounds is 
still im]i(Tfect. It usually occurs in minute quantities in zinc 
blende, and is best separated from zinc, which it somewhat resembles, 
by electrolysis of an aqueous solution of its salts. Its standard 
electrode potential lies somewhere between that of zinc, —0*76 
volts, and of indium, —0*35 volts, and it can readily be separated 
by the electrolytic process from aluminium, a metal which cannot 
be precipitated from aqueous solutions. Alternatively it may be 
freed from zinc by precipitating the latter as carbonate. Gallium 
carbonate cannot be precipitated from solution, but the conditions 
must be carefully controlled, or the hydroxide is thrown down. 

The metal obtained by electrolysis is a brittle grey substance 
with a density of 5-9 and the remarkably low melting-point of 30°, 
It boils at 2000". The electrical conductivity is about twice that 
of mercury, but much less than that of aluminium. Gallium does 
not tarnish in air, and is stable in air or oxygen unless strongly 
heated, nor is it affected by air-free water. It dissolves slowly in 
acids, and will also liberate hydrogen from alkaline solutions. 

In its compounds gallium disj)lays a stable valency of tlirce and 
an unstable valency of one. Gallic hydroxide appears to be a 
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rather stronger base than aluminium hydroxide, but it is ampho- 
t('ric, and gallic salts are partially hydrolysed in solution. They 
aie colourless. 

Oxides and hydroxides. — Gallic oxide, Ga203, can be obtained by 
Ignition of the nitrate, or by heating the metal with nitric acid. 
]t is a colourless solid witli a high melting-point, soluble in acids 
(11 alkalis, but only slowly if it has been strongly heated. The 
hydroxide is thrown down by the addition of caustic alkalis or of 
('arl)onates to solutions of gallic salts, which are, however, unlike 
aluminium salts, unaffected by the addition of soluble sulphides. 
Giillous oxide, (hiO, has not been obtained. No carbonate (>f gallium 
i'. known. 

Halides. — Gallic chloride, GaClg, is prepared by union of the 
t lrments. It is a colourless, hvgros/'ojnc solid, melting at and 
boiling at 215'', soluble in water or benzeru'. li is partially hydro- 
ly.'-ed in aqueous solution or in moist air, and when acted on by 
('M'css of water precipitates an oxychloride, GaOCl. Tlu‘, vapour 
density indicates the existence of double molecules in the vapour 
phase, but at high temperatures dissociation takes place into single 
molecules. 

Gallons chloride, Gat'lg, is prepared by heating the trichloride 
with gallium. In solution it can be obtained by dissolving the 
metal in c(jncentrated hydrochloric acid, but these solutions liberate 
hydrogen if diluted. The salt melts at 170'' and is a powerful 
rt'ducmg agent. 

PgV the use of the ]ihysical technique of Raman spectroscopy its 
( onstitution has been showm to be Ga'(GaCl^)', and it heiici) contains 
both uni- and tervalent gallium. 

Gallic sulphide, GaoS.j, cannot be prepared in solution; it has, 
h(nvever, recently bc^en obtained by union of the elements. 

Gallic sulphate, Gao(SO,|)3, can be obtained as a hydrated salt by 
tile usual methods, it is very soluble in water, and the solutions 
on boiling deposit a precipitate, inther of the hydroxide or of a 
basic salt, which redissolves on cooling, (ialliuiu can replace 
aluminium in the alums. 

Gallic nitrate, Ga(N03)3, can be obtained as a hydrated salt by 
the usual methods, and can be dehydrated in a dry atmospheni 
at 4o'\ When heated it yields the oxide. 

Indium 

In— 114*82. Atomic Number, 49 

Occurrence and Properties.— In 1863 Rkicii and RiriiTtR, with 
the help of the spectroscojie, discovered a new (dement in zinc 
blende from Freiberg. They called it indium after the indigo 
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colour of conspicuous lines in its spectrum. Indium is a very 
rare element, but its compounds have been more thorouf^hly 
investigated than those of gallium. It usually occurs in small 
c]u anti ties in association with zinc, from which it can be separated 
by electrolysis, or by precipitating it as the hydroxide ln(0H)3 
with ammonia, with which zinc forms soluble complexes. 

Metallic indium can be jirepared by electrolysis, or by reducing 
the oxide with hydrogen or sodium. It is silver- white, has a density 
of 7*3, and is so soft that it can be scpieezed between the lingers. 
It melts at 155° and boils at 2ioo‘\ Its standard electrode potential 
is —0*35 volts, and it is less electropositive than gallium or zinc, 
so that pure indium can be deposited from a solution of the mixed 
salts of these three metals. The metal does not easily tarnish and 
is unaffected by water, but if strongly heated in air or oxygen it 
burns. It dissolves rapidly in acids, but not in alkalis: this again 
distinguishes it from gallium. 

Indium has a stable tervalemy and (apparently) low.^r valencies of 
two and one: these lower valencies are, however, more conspicuous 
in indium than in gallium. The compounds of indium somewhat 
resemble those of zinc and cadmium. The trihydroxidc is a 
stronger base than the hydroxides of aluminium or gallium, and 
indium salts are not much hydrolysed in solution. They are 
colourless. 

Indium trioxide, InaOg, is obtained by burning the metal or by 
heating the nitrate, carbonate, or hydroxide. It is a pale yellow 
solid with a high melting-point. The hydroxide can be precipitated 
from solutions of indium salts by caustic alkalis or by ammonia, 
and can be converted to the oxide at 650''. It has feeble acidic 
properties and will dissolve in cold caustic potash, to be repre- 
cipitated on boiling, but the hydroxyl ion concentration of aqueous 
ammonia is insufficient to dissolve it. Reduction of the trioxick* 
by hydrogen at a temperature not above 400° leads to a product from 
which the oxide liiaO sublimes on heating m vacuo at 750'^. The 
existence of an oxide InO is unproved. 

Indium carbonate can be precipitat(!d from indium solutions by 
soluble carbonates: this distinguishes indium from aluminium or 
gallium. 

Halides. — Indium fluoride, InF.3.3H20, is soluble in water, and 
can be prepared by evaporation of the solution of the hydroxide in 
hydrofluoric acid. The solutions are decom])osed by boiling, and 
the salt is efflorescent in air. The water can be removed by careful 
heating at loo'k Indium fluoride is insohiblt' in alcohol. It can be 
reduced to the metal by heating in hydrogen. 

Indium irichJoride, InCl^, is usually prepared by passing chlorine 
over a heated mixture of tlie trioxide with carbon. It is a colourless 
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deliquescent solid, soluble in water and benzene, and volatilizes at 
about 0oo°. I'lie vapour density indicates single molecules in the 
vapour, with a tendency to dissociate, perhaps into the dichloridc 
and chlorine, at high temperatures. 

Indium dichloridc, InClg, is a colourless crystalline substance 
obtained by healing the metal in a current of dry hydrogen chloride. 
It is decomposed by water into indium and a lervalent salt: 

3lnCl2= In [ +2lnCl3. 

In the light of the recent investigation of gallium dichloride (p. 
540) it becomes doubtful whether InCU is a correct molecular 
lonnula. 

Indium monochloridc, InCl, has been prepared by distilling a 
mixture of the dichloridc and indium in a current of carbon dioxide. 
It IS a dark red solid whose decomposition by waiter resembles that 
of the dichloridc . 

3lnCl“2ln I d liiClg. 

I'he vapour apjicars to consist of single molecules. 

Indium inhronnde, InBrg, obtained by union of the elements, 
recalls the halides of the adjacent element cadmium in its tendency 
to form auto-complexes m solution, as shown by conductivity 
measurements. All the trihalides of indium readily form such 
complex anions as InC'14' or InBr^'", in which the indium has a 
covalency of four or six. 

Indium trisulphide, IiigSa, unlike the sulphides of aluminium and 
gallium, can be precipitated from indium salt solutions by hydrogen 
sulphide, provicied the solution is no more than faintly acid. It 
then appears as a yellow solid soluble in acids, and can be reduced by 
heating in hydrogen to indium monosulphide, IiioS. A red form of 
the trisulphide is obtained by heating indium with sulphur. 

Indium sulphate, In2(S04)3, can be obtained as a hydrated salt 
by the usual methods, but atlcm])ts to dehydrate it by heating 
lead to the production of a basic salt. The anhydrous nitrate, 
Jn(N03)3, is lik('wise unknown, as the hydrated nitrate, if heated 
to a temperature sufficiently high to drive off all the water, yields 
the trioxide. 


Thallium 

11=204*39. Atomic Number , 81 

Occurrence and Properties. — In 1861 Ckookes discovered a new 
element in the flue dust of a German sulphuric acid works. It 
w^as distinguished by a bright green line in the spectrum, and in 
allusion to this line he gave it the name of thallium (Greek ihallos, 
a young shoot). 
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Though much more abundant than the other members of the 
subgroup, thallium is a scarce element. As no important uses 
have been discovered for thallium or its compounds, the extraction 
of the elemeiit from its ores is unprofitable, and the only two 
considerable sources of thallium are the residues of the lead-chamber 
sulphuric acid process and the mother liquors of the manufacture 
of zinc sulphate. The thallium can be separated without difficulty 
by precij)itation as the very slightly soluble thallous chloride, 
TK'l, after iirst precij)itating as sul])hides fnmi strongly acid solution 
lead, bismuth, silver, and any other elements which might be found 
in the ])recipitatc. 

Metallic thallium can easily be obtained by electrolysis of solutions 
of thallous salts, or by reducing such solutions with zinc. It 
is a grey metal with a densit\' of ii*q, resembling lead in appearance, 
and like lead it is bright when treshlv cut, but quickly tarnishes 
in the air. Thallium is sf)ft(T than lead and melts at 30.^' , the 
boiling-point has been given as 13003 but miuh higher values 
have be(‘n r(‘])ortcd. 

When heated in oxygen the metal burns to thallic oxide, TLD.^, 
and it will combine with the halogens. The standard electrode 
])otential of thallium is - 0-34 volts, very near the value for indium. 
The metal is unaffected by water, but it will dccomposi* steam at 
a red heat, fomiing a mixture of thallous and thallic oxides, and it 
will dissolve, though not very readily, in dilute acids. 

In thallium the group valency of three is not very stable, and 
the thallic compounds are oxidizing agents derived from the rather 
v\eakly basic thallic oxide. The oxidation potential of the change 
11“ is “1-I-25 volts. The thallous compounds, on the other 
hand, arc very stable, a,nd thallous hydroxide is as strong a base 
as the caustic alkalis. The valency of three predominates, how- 
ever, ill tile covalent thallium compounds (compare the adjacent 
element lead). 

Oxides and hydroxides. — Thallous hydroxide, TIOH, is soluble in 
water and cannot therefore be obtained by precipitation. It can 
conveniently be prepared by mixing equivalent solutions of thallous 
sulphate and barium hydroxide, and evaporating the filtrate to 
dryness. It forms yellow crystals fairly soluliki in cold and very 
soluble in hot water, and it also dissolves in alcohcd. It can be 
converted to thallous oxide by heating to 100^ in the absence of 
air. The solutions are strong bases which, like the caustic alkalis, 
greedily absorb carbon dioxide from the air; some oxidation may 
also take place. They also resemble the caustic alkalis in attacking 
glass when hot and concentrated. 

Thallous oxide, TlgO, is a y^ellow solid which darkens on heating: 
it is ]')reparcd by heating the hydroxide in the absence of air. If 



GROUP III AND THE RARE EARTHS 


553 

heated in the air it takes up oxygen to form thallic oxide. Both 
thallous oxide and hydroxide are soluble in acids. 

Thallic oxide, TI0O3, is obtained by the acti(m of oxygen on molten 
thallium, which becomes incandescent, or by strongly heating thal- 
lous nitrate, or by adding hydrogen peroxide to alkaline thallous 
solutions. It is a black substance which melts at 725” and in the 
molten state strongly attacks glass. At low tcmf)eratures it is 
the stablest oxide of thallium, but at 700° the dissociation pressure 
of oxygen reaches 115 mm. It has some oxidizing properties even 
in the cold. A reddish-brown solid is precipitated from hot concen- 
trated solutions of thallic salts by ammonia or caustic alkalis, or by 
oxidizing thallous solutions with permanganate. On the other hand, 
a yellow solid results from the hydrolysis of thallic chloride — con- 
veniently by the dilution of concentrated solutions of thallic chloride 
with a considerable quantity of water. It was fonnerly thought 
that these two apparently distinct solids were different forms of 
thallic hydroxide, but X-ray diffraction sliows them to be each 
identical with thallic oxide, and the colour difference must be attri- 
buted to different fineness of division. 1'ervalent thallium, like its 
neighbour mercury, thus forms no stable hydroxide. 

Thallates. — If chlorine is jiassed into a suspension of thallic 
oxide in aqueous caustic alkalis, a deep red solution is produced 
which has been said to contain a thallate. No thallates have, 
however, been isolated, and if they exist at all they must be very 
unstable. 

Thallium peroxide, TI3O5, has been prepared by anodic oxidation 
of thallous solutions. 

Thallous carbonate, TUCOa, is obtained by passing carbon dioxide 
into solutions of thallous hydroxide and then crystallizing the 
})roduct. It is a colourless solid which melts with some decomposi- 
tion at 273"^, and is often used in the preparation of thallous com- 
pounds. It is soluble in water, particularly on warming. 

Thallic oxide is too weakly basic to form a carbonate. 

Halides.- -The monohalides of thallium are salt-like compounds 
with little tend(‘ncy to covalency. 1'he solubility relations resemble 
those of the silver or mercurous halides, that is to say, the fluoride 
is soluble and the chloride, bromide, and iodide increasingly in- 
soluble; moreover thallous fluoride is by far the most volatile of 
the halides. The melting- and boiling-points of the thallous halides 
are as follows (degrees Centigrade): 
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Thr thallic halides, on the other hand, are partially covalent: they 
are hydrolys(‘d and can exist only in acid solution, they are soluble 
in organic solvents, and are decomposed by heating. All the 
halides of thallium readily form com])lexes with donor substances 
such as ammonia. 

Thallous fluoride, TIE, can be prepared by the usual mi'tliods, and 
is a colourless crystalline compound very soluble in water. At 20^^ 
the solubility is 8o gm. per loo gm. of water. 

Thulloiia chloride, TlCl, is prepaii'd by precipitating thallous 
solutions with soluble chloridi's. It is a colourless solid which, 
like silver chloride, is darkened by light. One hundred grams of a 
saturated solution in water contain 0*21 gm. of thallous chloride 
at and i-8o gm. at loo^’. The salt has been much used for 
investigations of the solubility-product principle. 

Thallic chloride, TlCl^, can be prepared in solution by ])assing 
chlorine into a .suspension of tJiallous chloride' in wattu. Bv 
evaporation, preferably in a vacuum, white crystals of a hydrate 
arc obtained, and the water can be removc'd IVom these in a vacuum 
desiccator or by very cautious heating. Anhydrous thallic chloride 
melts at (x)” 70'^ at seven or eight atmospheres pressure, but at 
higher tenijx'ratures it decomposes into thallous chloride and 
chlorine. It is very soluble in water, and is stable in the presence 
of excess of hydrochloric acid, but 1ht‘ pun' dilute solutions pre- 
cipitate thallic oxide readily. It is also very solubhi in organic 
solvents, and with donor substances such as ellu'r or pyridine 
readily forms addition compounds. In the solid state it also 
forms complexes with ammonia, and in aqueous solution with 
other chlorides. 

Other chlorides of thallium have been pre})ared with empirical 
formulae TlClg and TloCl.^, but they arc believed to be comjilex salts 
such as Tl(TlCl4) and TJ3(TlClp,): the same applies to the bromides 
and iodides. 

Thallous bromide, TlBr, resembles the chloride, but is pale yellow 
and less soluble in water. 

Thallic bromide., TlBrg, has been made in the same way as thallic 
chloride, but the salt has not yet been prejxired anhvdrous, as 
decomposition begins before all the water of crystallization can 
be removed. 

Thallous iodide. Til, is prepared like the chloride and bromide, 
and when precipitated from dilute solutions in the cold is yellow, 
but red and green forms can also be ])repared. It is practically 
insoluble in water. 

Thallic iodide, TII3, is obtained in black crystals by evaporating 
mixed alcoholic .solutions of thallous iodide and iodine. 

Thallous sulphide, TlgS, is prepared by melting the elements 
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t()p:cthcr in vSuilable proportions, or by precipitating; thalloiis 
solutions with hydrogen sulphkh' in alkaline or weakly acid solution. 

I I is a black substance insoluble in water, soluble in acids with evolu- 
lion of hydrog('n sulphide, and easily oxidized to thallous sulphate. 

Thallic sulphide, TI.2S3, cannot be prepared from hydrogen 
sulphide and thallic solutions, as this reaction yields thallous 
sulphide and sulphur. It is a black substance which must be made 
by heating thallium with excess of sulphur. 

Thallous sulphate, T12S04, can be prepared by evaporating to 
dryness solutions prepared by the usual mtdhods. It forms colour- 
l(\ss crystals which melt at 032“ and are stable unless ver\' strongly 
heated. It is not very soluble in cold water, but dissolves better 

III hot water. A very stable thallium hydrogen sulphate, TIIISO4, 
is also known. 

Thallium forms alums in which it plays the part of the univalent 
rnetal, but it cannot, so far as is known, replace the tervalent nu'tal. 

Thallic sulphate, I'hji'^Oj).,, is made by dissolving thallic oxide 
in sulphuric acid, or by adding barium peroxide to a solution of 
thallous sulphate, 

Thallous nitrate, 'PINO,, is made by dissolving thallium in 
moderately concentrat('d nitric acid and evayioratmg the solution 
to dryness. The pr(»duct contains some thallic nitrate from which 
it can be freed by rccrystallization. It is a colourless crystalline 
s(^lid which melts at 206'' and on strong heating yields thallic 
oxide. One hundred grams of w^atcr dissolve only 3-91 gm. of 
the salt at 0°, but 504 gm, at io5‘\ 

Thalhc nitrate, 'ri(N()3).j, is obtained by crystallization of a 
solution of thalhc oxide in concentrated nitric acid; the solution 
deposits tliallic oxide if diluted. It is ea.sily decomposed by heating, 

Thallous orthophosphate, TI3PO4, is a colourless solid only very 
slightly soluble in water, and ynecipitated from thallous solutions 
bv^ soluble ort]i(>])hospliates. 
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CARBON, SILICON, TITANIUM, ZIRCONIUM, CERIUM, HAFNIUM, 
THORIUM, GERMANIUM, TIN, AND LEAP 
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The table shows some fundamental physical properties: 



Typical 


Stlhyi oiip 

J 


Subgroup B 


C 

Si 

Ti 

/i 

('c 

Uf 

'I'ji 


Sn 

Pb 

At. No. 

6 

14 

22 

40 


7 ~ 

90 

23 


82 

At. \Vt 

1 2-01 

28'09 

47-90 

91-22 

140-13 

^7'^ ’5 

232-05 

72-0 

T 18-7 

207-2 ’ 

Ueiisity 

1-58 

1-05 

2-46 

45 

6-52 

7-0 

13-3 

T2-0 

5-5 

7-2 

Tl ^ 

At. Vol 

7-3- 

7 

11-4 

IOC) 

I3'97 

20'0 

1 

13‘4 

! 1 

1 T9-4 

13- 

lO 5 

iS 2 

M -point 

357 tJ' 

1 

1.^14“ 

,17^5^ 

M857' 


' 2227"'! 

1730^ 

958^ 232" 



In Group IV the systematic differences between the subgroups 
are very slight, and it is even a matter of some difficulty to decide 
to which subgroup the typical elements, carbon and silicon, show 
the greatest resemblance. It will be seen from the table that the 
atomic volumes are of no assistance in making a choice. 

The group valency of four is well marked throughout, and is the 
principal valency of all the elements in the group except lead. 
The chemistry of these elements, and particularly of carbon, is 
dominated by their valency gi'oup of four electrons, which allows 
them to form stable compounds with either positive or negative 
elements (p. 564), e.g. CHj and CCI4. The stability of the dioxide is 
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very marked throughout the group. The tendency to form positive 
ions increases in the usual way with the atomic number, but positive 
quadrivalent ions, though not unknown, arc of infrequent occurrence 
on account of their high charge and the rather low atomic volumes 
of the elements concerned. At the opposite ends of the group 
carbon and silicon do not form positive ions, while thorium, tin, and 
lead predominate in this form in solution. On the other hand, the 
tendency to form volatile hydrides (the hydrides of Subgroup A 
are solids) increases in Subgroup B and the typical elements with 
decreasing atomic number, that is, from lead to carbon. The 
occurrence of valencies lower than tour increases from silicon to 
lead, but decreases from titanium to thorium, and this is connected 
with one of the principal differences between the subgroups, which 
may be tabulated as follows: 

(i) In Subgroup A a stable valency of three sometimes exists 
together with the group valency four, whereas in Subgroup B 
the valency three is unknown and the subsidiary valency 
is tw’o. 

(ii) The elements of Subgroup A have high melting-points (except 
cerium); those of Subgrouj) B (except germanium) ha\'e 
low ones. 

(iii) The hydrides in Subgroup A are of the metallic tyjie, while 
those of Subgroup B are gaseous. 

(iv) Idle tetrachlorides of Subgroup B are volatile liquids, 
whereas those of Subgroup A arc solids (except titanium 
tetrachloride. Cerium tetrachloride is not known). 

The typical elements, carbon and silicon, arc the least metallic 
elements of the group, and are the only two elements in it which 
show no sign of forming a positive elementary ion. Their volatile 
hydrides (very stable in the case of carbon) connect them rather 
with the B subgroup than the A subgroup, and germanium shows 
some power of forming compounds of the ‘ organic * type, so charac- 
teristic of carbon and to a less degree of silicon. On the other hand 
their very high melting-points connect them with the A subgroup. 


Cakuon 

C— 12-011 Atomic Number, 6 

Occurrence. — Carbon is an invariable constituent of living 
matter, and is also widely distributed among inanimate substances, 
though the actual proportion of carbon by weight in the crust of 
the earth and in the atmosphere is very small. Carbonates occur 
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in such minerals as dolomite, CaCOg-MgCOg, and limestone, CaCOj, 
and in sea-water, while carbon dioxide is found in the atmosphere. 
Oil (petroleum) consists mainly of hydrocarbons (compounds of 
carbon and hydrogen), and coal is a complex substance of variable 
composition containing a high percentage of carbon; it is the 
product of the decomposition of vegetable matter under pressure. 
Free carbon also occurs in nature in two forms — diamond and 
graphite. 

Diamond. — The diamond is a hard crystalline form of carbon, 
that occurs in nature in the form of single stones. The principal 
localities are India, South America, and South Africa, the last 
being by far the most important and productive. In most cases, 
diamonds are found in alluvial deposits, but in South Africa they 
occur chiefly in ‘ pipes ' or inverted cones of a ‘ blue ground.' 
This * blue ground ' is generally believed to have been thrown up 
into the characteristic pipes during the volcanic activity that 
occurred in South Africa during the Cretaceous period; it consists 
(jf weathered ' kimberlite,’ an olivine rock. The pipes themselves 
descend to an unknown depth (a shaft at Kimberley has been 
sunk to 2600 feet without reaching the bottom of the pipe), and 
do not all contain diamonds. 

To extract the diamonds, a shaft is sunk near, but not actually 
in, the pipe, and horizontal tunnels are then driven into the blue 
ground. The diamantiferous earth is run on trams to the .shaft, 
where it is raised to the surface in skips; it is then tiansfcrred to 
scaled trucks, which take it to the crushers. Here it is powdered, 
washed, and concentrated by levigation, which removes the lighter 
particles. The ‘ concentrates ’ are then washed down a sloi)ing 
surface of corrugated iron covered with grease. The diamonds 
adhere to the grease, but the remaining material is carried off in 
the stream of water. 

Natural diamonds vary considerably in size, lustre, colour, and 
value : as far as the latter point is concerned it is well to remember 
that the value of diamonds is largely artificial, being maintained 
by a restriction of output. The largest diamond hitherto dis- 
covered was found in the Premier mine, in the Transvaal, in 1905. 
It is known as the Cullinan diamond, and before cutting it weighed 
3026 carols, i.e. over ij lb. (i carat=o*2054 gm.). Otlier well- 
known diamonds are the Koh-i-noor, the Excelsior, the Victoria, 
the Hope, and the Star of the South. The Hope is of a beautiful 
blue colour, while the Dresden Green is of an apple-green shade. 
Most diamonds, however, are colourless. Black diamonds, known 
as carbonado or bort, are valueless as jewels, but are used for making 
glass-cutters, rock-drills, etc., and, when powdered, for cutting 
and polishing the colourless stones. 
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For purposes of jewelry, the natural diamonds are cut in such 
a way that as much internal reflection as possible is caused; this 
])rocess requires great skill, and many valuable stones have been 
spoilt through inexpert cutting. There is always bound to be 
some loss in weight on cutting a stone, of course, but in some 
cases it is found necessary to cut the stones down severely. Thus 
tlie Koh-i-noor (‘ mountain of light '), which originally weighed 
i80 carats, had to be cut down to io6 carats. 

Origin of the Diamond . — ^The origin of th(‘ diamond in nature is 
still a matter of controversy, though it seems possible that diamonds 
may have been formed when carbon crystallized out from .solution 
in molten iron or in a basic silicate magma, under very great 
pressure. Moissan, in 1893, claimed to have obtained small but 
genuine diamonds by dissolving carbon in molten iron and quickly 
cooling the crucible by immersion in molten lead. Under tht'se 
conditions the iron on the outside of the mass solidified while that 
inside was still licjiiid; and since iron expands on solidification, 
enormous pressures were developed in the interior of the mass 
when it solidified. On dissolving away the iron with hydrochloric 
acid, a crystalline product remained w'hich contained some graphite. 
It has been proved by Bridgman that under all pressures below 
30,000 kg./sq. cm. and up to at least 2000° graphite is the stable 
form, but at pressuies above this limit diamond ceases to be changed 
into graphite. It is an interesting fact that diamonds have been 
found in meteorites, of both the silicate and iron varieties; but it is 
possible that such meteorites represent fragments of the earth that 
were shot into s])acc by ancient volcanoes and, after a journey in 
space, at length returned to it. 

Properties . — The diamond has a high refractive index (2*417 for 
the D line), and is one of the haulest substances. Its s])ecific 
gravity is 3 52. Unlike ‘ paste ' diamonds, genuine diamonds 
arc transparent to X-rays, a fact of considerable value to the 
dealer in jirecious stones. The diamond is extremely .stable 
towards chemical reagents; pure acids have no effect upon it, 
though it is slowly oxidized to carbon dioxide by a warm mixture 
of potassium dichromate and sulphuric acid. It is slowly attacked 
by fused sodium carbonate, forming carbon monoxide: 

NaoCOad C=Na 30 + 2 C 0 . 

Wlien heated in air to about Soo^'-qoo'', it takes fire and burns 
brilliantly, forming carbon dioxide, and leaving only a minute 
proportion of siliceous ash. 

Graphite. — Graphite is a black, flaky, crystalline substance 
found in several parts of the earth; most of it comes from Ceylon 
and the United States. Up to high temperatures and at ordinary 
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pressures graphite is the stable form of carbon, and at Niagara it 
is artificially prepared by heating coke in an electric furnace similar 
to that used for carborundum (p. 5C6). The charge consists of 
finely - powdered anthracite, or petroleum coke, to which a little 
ferric oxide has been added as catalyst. Artificial graphite forms, 
however, only a small fraction of the total production. 

Graphite is used with or without oil as a lubricant, and for 
polishing metal objects (‘ blacklead ') ; it is also used in pencils, 
and trom its power of marking paper the names blacklead, plmnha^o, 
and ' graphite ’ itself are derived. It is a fair conductor ot elec- 
tricitv and is used for electrodes in various technical processes 
and for the ' carbons ’ of arc lamps. It is also used in some types 
of refractory crucible which are to be exposed only to reducing 
gases, for graphite is attacked by oxygen at 6oo''-70o°. 

It has already been shown (p. 89) that the crystal structures of 
diamond and graphite are in agreement with their observed physical 
properties. 

Other Forms of Carbon. — These include the various forms ot 
coal, coke, lampblack, soot, wood, and animal charcoal, gas carbon, 
and sugar carbon. They have generally been described as amor- 
phous, but by the X-ray ‘ powder ’ method (p. 87) some of them 
at least have been shown to be microcrystalline with the graphite 
crystal structure. 

Wood charcoal is a black, very porous substance obtained by 
burning wood in an insufficient supply of air. Since the affinity of 
hydrogen for oxygen is much greater tlian that of carbon, the 
hydrogen from the carbohydrates burns first and leaves the charcoal 
behind. Wood charcoal is used as an absorbent for gases, of which 
it will take up astonishing quantities — sometimes as much as two 
hundred times its volume at ordinary temperatures and pressures. 
The lower the temperature the better the absorbing power, and wood 
charcoal cooled in liquid air is used in perfecting high vacua — a 
discovery due to Sir James Dewar which has had much effect 
on vacuum technique in the laboratory. 

Wood charcoal is manufactured on the large scale from peat, 
a natural product containing carbon chiefly in the form iif cellulose. 
The peat is macerated with phosphoric acid or with a concentrated 
solution of zinc chloride, and the colloidal solution thus obtained 
is heated in retorts in the absence of air. A skeleton of wood 
charcoal remains as a highly porous mass, which is used in gas-masks, 
for filters, and for ' stripping ' benzol from coal-gas. 

Animal charcoal is made by heating bones in the absence of air 
(' destructive distillation and consists chiefly of calcium phos- 
phate wuth about 10 per cent of carbon. It readily absorbs colour- 
ing-matters and other substances, and laboratory preparations are 



GROUP IV 561 

often decolorized by boiling them in solution with animal charcoal. 
The process is also applied to sugar on the commercial scale. 

Soot is a form of carbon deposited when smoke passes over a 
cold surface. 

Lampblack is a very finely divided form of carbon, and though 
tlie commercial grades may contain oil and grease as impurities, 
it can be obtained in a high state of purity. It is manufactured 
by burning petroleum, naphthalene, the natural gas of oilfields, 
and other carbonaceous materials, in specially constructed furnaces, 
the supply of air being limited to the minimum required for com- 
bustion. The soot passes along tubes made of sheepskin, canvas, 
or coarse cloth, whence it is shaken off alter the operation is com- 
plete. If better qualities are required, the crude lampblack is 
subjected to a second partial combustion, and the process is repeated 
as often as necessary. 

More than half the world's production of lampblack is used in the 
motor-tyre industry, since rubber containing 25 per cent of lamp- 
black is about four or five times as resilient and resistant as pure 
rubber. Much lampblack is also used in the manufacture of 
printer's ink, while smaller— but still considerable — quantities are 
employed in making gramophone records, carbon copying-paper, 
ebonite articles, carbon electrodes, and black pigments. 

The application of chimney-soot to garden soil is benehcial 
because it usually contains up to 7 per cent of ammonia or ammo- 
nium compounds, derived from the coal. 

Gas carbon remains on the walls of the retorts in which coal is 
distilled in the manufacture of coke and coal-gas. It is very hard, 
and is used to make the ' carbons ' of arc lamps. 

Sugar carbon is chemically pure carbon obtained by heating sugar 
until it has charred. In order to remove the last traces of hydrogen 
and oxygen, it is then heated first in chlorine and then in hydrogen. 

Physical Properties. — Before discussing the somewhat in- 
definite substances coal and coke, we may give a companson of 
the properties of some carbon allotropes: 
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Coal and Coke. — The coal not consumed in furnaces or domestic 
fires is subjected to destructive distillation — in the United Kingdom 
to the extent of about eighteen million tons per annum. The 
products of the distillation are (i) coal-gas, containing, say, 45 per 
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cent hytlrogen, 35 i:)er cent methane, and 10 per cent carbon 
monoxide, all by volume, (ii) coke, (hi) tar, (iv) ammonia, and 
(v) ‘ benzol,' and tlic proces'ies may be divided into those which 
are carried out at I250°-1400° and those which work at — 

the so-called ‘ low-temperature carbonization.* A brief descrip- 
tion will be piven of the more important of these processes, followed 
by a summary of the products obtained from them. 

High - temperature Carbonization: Coal - gas Manufacture. — The 
coal is heated in banks of small retorts, which may be either vertical, 
horizontal, or sloping, at a temperature of between 1250° and 1400'^ 
In the A'ertical type tlic process is usually continuous: coal is run 
in at the top through a sealing device and coke run out at the 
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bottom. In many modern plants steam is blown in at the 
bottom. The water-gas so produced (p. 569) increases the volume of 
gas obtained from a ton oi coal, hel])S to sweep volatile products 
from the retort, and keeps the temperature down, thereby in- 
creasing the yield of tar (which is also more fluid), and the propor- 
tion of carbon monoxide and hydrogen in the gas at the expense 
of the methane. After leaving the retorts the gases pass through 
the hydraulic main, a liquid seal which pre\auits loss of gas when one 
of the retorts is opened and in which some ot the tar is deposited. 
The gas is then cooled by passing through a series of long pipes, 
often cooled by water, in which the rest of the tar is deposited, and 
then passes to the scrubbers, where the ammonia is removed. In 
the scrubbers the gas bubbles through water, which by churning 
is made to offer it a large surface, and in this liciuid the ammonia 
is dissolved. Before the introduction of the synthetic ammonia 
process this was the only important source of ammonia. The gas 
still contains impurities such as hydrogen sulphide, hydrogen 
cyanide, carbon disulphide, and carbon dioxide, which must be 
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removed from it. This operation is carried out in a series of 
purifiers, in which the f^as flows throiiG:li perh)rated wooden shelves 
on wliicli various purifying agents are spread. The substanc'es 
most commonly used for this purpose are lime and ferric hydroxide, 
which remove both hydrogen sulphide and hydrogen cyanide, but 
tlie chemical changes involved are too complicated to be discussed 
hero. Before the gas is admitted to the gasometers it is nowadays 
umal to 'strip’ it: that is, to remove the more volatile liquid 
h\drocarbons, chiefly benzene, contained in it as vapour. 

1'his is done by passing it through a heavy oil in wdiich the vapours 
dissolve, or through wood charcoal pre])ared from peat in tiie way 
already d(‘scribed, in which the hydrocarbons are absorlx'd and 
from which tluy can be recovered by heating with steam. These 
liydrocarbons are known as ‘ benzol,’ and are purified, mixed 
with petrol, and sold as ‘benzol mixture’ motor spirit. Tt is 
estimated that twenty-five million gallons of benzol are productxl 
annually in France, and in this country the process is also gaining 
ground, d'he illuminating powers of coal-gas are chiefly due to 
the benzene vapour in it, and if the benzene is removed much of 
the illuminating power is lost, but this is nowadays of little im- 
portance. It is the lu‘ating power of gas which d('tennines its value, 
that is, the heat which can be obtained by the complete combustion 
of a cubic foot of the gas; this is now the basis of the charge to con- 
sumers. Town gas may legally contain sul]>liur only as carbon 
tlisulphide. 

Coke Ovens.— In the coke oven the principal product is coke 
for the manufacture of water- or producer-gas, or for metallurgy, 
and the gas and tar are by-produc ts of less im])ortance. The coke 
must contain a minimum of volatile matter, and a high temperature 
IS therefore employed. The volatile products have usually been 
allowed to run to w^aste, but in modern coke ovens tar, gas, and 
ammonia are all collected, and considerable quantities of benzol 
are obtained by ‘ stripping ' the gas. 

Low-temperature Carbonization. -The objects of tliis process 
are to produce (1) a smokeless fuel, ‘ semi-coke,’ in which volatile 
matter has been left to the extent of some 5 or 10 per cent of the 
weight of the coke, and (2) a tar or oil like petroleum oil from which 
liquid fuels, for use as motor spirit or otherwise, can be extracted 
in quantity. In low-tcmpcrafurc carbonization much less gas is 
produced, though it is of high calorific value (see fable, p. 564). 

As these processes are now the object of intensive research in 
this country and elsewhere, it is impossible to give a final account 
of them. In the Pakker process, one of the most successful, a smoke- 
less fuel called ‘ coalite ’ is left in the retorts and a very fluid tar is 
obtained with a high content of phenol and nitrogen compounds. 
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Representative results of the coal carbonization processes are 
summarized in the table: 
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Tlie tar derived from tlie^e ])rocesses is dislilled and is a pniicj])al 
source of the organic substances used in industry. 

Chemistry of the Carbon Compounds. — The carbon atom Jias the 
unique property of forming cliaiiis and rings whicl] arc the skeUdons 
of stable molecular structuu's. The number f>f the carbon com- 
pounds is for that reason enormously large (nearly a million are 
known at present), and they are also much more complex than 
inorganic compounds; for these reasons their study lias become 
a separate branch of science under the title of ‘ Organic 
Chemistry.' 

The carbon atom is one of the smallest of all atoms, and tliis, 
together with the fact that it has four electrons in its valency grouj), 
makes it impossible for carbon to exist as an ion ; its compounds are 
almost invariably covalent. The power of forming long chains is 
attributed partly to the small size of the atom and partly to the 
nearly equal strength of the positive and negative athnities; thus 
metliane and carbon tetrachloride are both stable substances. The 
stability of many compounds of carbon is due to the fact that the 
covalency maximum of carbon is also four, and that decomposition, 
if it is to occur, cannot be preceded by combination. This is why 
carbon tetrachloride cannot be hydrofysed, although silicon tetra- 
chloride is decomposed even by cold water; the covalency maximum 
of silicon is six. 

Radicals are known in which carbon may have a valency of two or 
three, but the valency of four predominates more than in any other 
member of the group, except perhaps thorium. The monoxide is 
a stable substance, its electronic structure resembling that of Ng. 
The dioxide is weakly acidic and has no trace of basic properties. 
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In the acidity of its normal oxide carbon resembles the elements of 
Subgroup A rather than those of Subgroup B, but the stability of 
its volatile hydrides connects it with Subgroup B. The volatility 
ol the oxides of carbon sharply distinguishes it from all other elements 
of the group. 

Properties of Carbon. — The physical properties of some forms of 
carbon have been discussed. Carbon appears to have a higher 
niclting-])oint, recently fixed at 3570°, than any other element: next 
111 order are tungsten, 3370^, and rhenium, 3140°. On the other hand 
carbon has an appreciable vapour pressure at 1300'* f)r so, for the 
old carbon filament lamps grew black on the inside of the glass 
irom sublimed carbon. 

Carbon is very resistant to chemical reagents. It will burn if 
heated in air or oxygen, and is attacked by fluorine in the cold, 
but not by chlorine even at a white heat. The affinity between 
carbon and oxygen at high temperatures is used in metallurgy 
and in many industrial operations. Carbon is unaffected by most 
acids, but charcoal can be oxidized to carbon dioxide by boiling 
with nitric acid, and graphite is slowly oxidized, by hot nitric 
acid containing potassium chlorate, to a mixture of substances 
in which mcllitic acid, Co(COOH)e, can be detected. In the 
laboratory carbon is frequently used as a reducing agent at high 
temperatures. 

Carbon is insoluble in all known solvents (except molten iron, 
etc.); such substances as Indian ink or printer's ink are colloidal 
suspensions. 

Carbon hydrides. — Carbon and hydrogen form a very large 
number of compounds, known as hydrocarbons; their study 
belongs to organic chemistry. The simplest are methane, CH^; 
ethane, CgH^; ethylene, C-^H^; acetylene, CoHg; and benzene, 
CeH,. 

Cakbides. — Ihe term carbide is usually restricted to the binary 
compounds between carbon and the metals, which are solid refrac- 
tory substances; whereas the compounds with the non-metals are 
usually volatile, though the carbon compounds of phosphorus and 
silicon are of the carbide type. 

There are two principal methods of prcjparation: 

(i) Direct reaction between the metal and carbon, or the 
metal oxide and carbon, or the metal and an oxide of 
carbon. 

(ii) A special type of carbide, called an acetylidc, is made by 
passing acetylene (C.2H2) through solutions of some metallic 
salts. 

Examples of both methods of formation will be given. 
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The carbides, which form a very numerous class of compounds, 
thouf^h many arc of slif^ht importance, can best be classified according 
to their action with water: 

A chon with IVatcr Example 

No action Ac ctylides, silicon carbide, iron carbide 

T’rodiicc acelvicne, t'airnnn carbide 

l‘roducG melhane, CTl^ Aluiiiiiiuim carbide, beryllium carbide 

Acctylidc^. — WIk'u acclvlenc is ])assed through an ammoniacal 
solution of cuprous cliloride, cuprous acidylide, CU2C2, is precipitated 
as a red powder. It is explosive when dried. Silver acetyhde is 
a wliite solid juccipitated from ammoniacal silver nitrate by acety- 
lene; it is much more violently exjilosive than the coppei compound. 
Other acetylidcs are known. 

2ru‘d CoIE CuXold -H and 2Ag’4 C.^Ilo Ag.X2l+2H’. 

Silicon carbide, SiC, resembles diamond in its inertness. It is 
prepared on the large scale where electric power is cheap (e.g. in 
Norway and at Niagara) by heating a mixture of sand (50 per cent) 
with coke and some sawdust in the electric furnace: 

3 C-hSi 02 - SiC-h2CO t . 

The object of the sawdust is to keep the* mass porous and to allow 
the carbon monoxide to csca]ie; the latter burns on the surface. 
The heat is provided by the passage of the current through the 

core of coke and graphite that 
connects the electrodes, which 
are set in cement walls at the 
ends of the furnace. The sides 
are made of loose bricks which 
are removed when the re- 
action is finished. The core is 
then found to be surrounded 
by a layer of impure silicon 

Fig 1 25. ‘ Carborunddm ' Furnace carbide,' which is removed and 

broken up. When pure, it 
is a colourless crystalline substance, but the commercial product, 
e.g. ‘ Carborundum,' is always coloured. It is nearly as hard as 
diamond (and lias the diamond crystal structure), which makes it 
v ery useful as an abrasive. It is also refractory and has been used 
for crucibles (' Silundum '). Crystalline specimens were formerly 
used as rectifiers in wireless sets. 

Iron carbide.- — There are several carbides of iron, of which the 
most important has the formula EcgC. This is a constituent of steel. 

Calcium carbide, CaCg, is made on a very large scale, for use in 




GROUP IV 


567 

acetylene generators, by heating a mixture of coke or anthracite 
and frcslily-burnt lime to a temperature which may reach 3000°: 

CaO-F 3C=CaC,+CO f . 

The furnaces are made of iron lined with carbon and are mounted 
on wheels; they are heated by the passage of an electric current 
between the bottom of the furnace and a carbon electrode suspended 
m the top. At the temperature reached, the calcium carbide fuses 
and sinks to the bottom of the charge, from which it is drawn off 
at intervals, cooled in trays, and broken up into lumps. 

A furnace producing some eight tons of carbide a day will take 
a current of 30,000 amperes at 50 volts — nearly 2000 h.p. — so the 
industry can only be established where electric power is cheap. 
When pure, calcium carbide is colourless and transparent, but the 
( ommercial product is grey or black. Calcium carbide is insoluble 
in all known solvents. It reacts vigorously with water in the cold, 
producing acetylene, and this is now its principal use: 

CaC2+2H,0=Ca(0H)2+CoHjj f . 

The acetylene can either be generated as is required, or manufactured 
in quantity and sent out dissolved in acetone under pressure. Since 
acetylene is now the starting-point of the manufacture of acetalde- 
hyde and other commercially important chemicals, calcium carbide 
is of considerable industrial imi)ortance, quite apart from its use 
in illumination. 

In the laboratory calcium carbide has been used for the estima- 
tion of water in organic liquids; the volume of acetylene liberated 
from a known volume of the liquid is measured. I'he repulsive 
smell of the acetylene generated from commercial calcium carbide 
and water is due to j)hosphorus hydrides produced from calcium 
jdiosphide in the calcium carbide. The phosphorus was originally 
present as phosphate in the limestone from which the lime was 
made, and this has been reduced to pliosphide in the furnace. 

Calcium carbide reacts with nitrogen when heated in the gas to 
a temperature of 1000° to form calcium cyanamide and graphite: 

CaC2+No=CaCN,+C. 

This is the l)asis of one of the older processes for tlie fixation of 
nitrogen (p. 392). Tlie nitrogen is obtained from the air by one 
of the methods described in connection with the synthetic ammonia 
process (p. 388), and the calcium carbide is heated either externally 
or by passing an electric current through it. The mixture produced 
is called nilrolim or Stickstoffkalk, and is used as a fertilizer. When 
it is treated with superheated steam under pressure, ammonia is 
produced : 

CaCN2+3HP- CaC 03 -h 2 NH 3 f , 

T 
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but this process is seriously threatened by the Haber process 
(p. 388). II iused with sodium chloride, nitrolim yields sodium 
cyanide, and this process also is wwked on a commercial scale: 

CaC N j, -f C *4- 2N aCl = 2N aCN + CaClj. 

Aluminium caxbide, AI4C3, is now prepared by heating a mixture 
ol alumina and coke in the electric furnace: 

2 Al 208 + 9 C=Al 4 Cj)-f 6CO t • 

The pure substance forms yellow crystals, but the commercial 
product IS a brown powder, sometimes used in the laboratory for 
making methane. The action is slow with cold water but becomes 
vigorous on boiling: 

A\,C,A-i2Hfi=3CU, t +4A1(0H)3. 

The OxiOES of Carbon. — Carbon forms several oxides, of which 
only two, the monoxide, CO, and the dioxide, CO.„ are important 
to the student of inorganic chemistry. 

Carbon suboxide, C3O2. is obtained by removing the elements 
of w’ater from malonic acid, CH2(C00H)2, bv distillation with 
phosphorus pentoxide : 

CH2{C00H).,-2H,0-C302 t . 

It IS also a constituent of the brown powder produced from carbon 
monoxide by the silent electric discharge. It is a colourless gas 
w'ith a strong smell, condensing at 6° to a colourless liquid. It 
burns readily, forming carbon dioxide. With water it yields 
malonic acid, and is therefore malonic anhydride, but it may also 
be regarded as a dikelene with the structure OC— C=CO. 

Mellitic anhydride, C^gOo, is a cyclic carbon compound of purely 
theoretical interest. 

Carbon monoxide, CO, is the product of the first stage in the com- 
bustion of carbon, and the final product if in! 5 ufficient oxygen be 
present. In the laboratory it can be made by heating various 
carbon-containing compounds with concentrated sulphuric acid, e.g. : 

Sodium formate: H.COONa-f HjSO,,- NaHS04-hH20-f CO f • 
COOH 

Oxalic acid : | =:CO., t +CO t + H^O. 

COOH 

A ferrocyanide: Fe(CN)8""H-6H20+i2H =Fe ' + 6NH;-f 6CO t . 

If oxalic acid is used the gases must be treed from carbon dioxide 
by bubbling them through caustic potash. The gas can be collected 
over water, in which it is nearly insoluble. 

In industry the gas is produced in very large quantities (and 
often allowed to escape) in processes in which carbon is used as 
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a reducing agent; it is present also, to the extent of some 10 per 
cent by volume, in coal-gas. It is used as a gaseous fuel, and 
for this purpose is produced by the oxidation of coke either 
with air (produccT'gaa) ^ steam [water-gas), or a mixture of both 
[semi-water gas). 

Producer -gas . — The heats of formation of carbon monoxide and 
dioxide are; 

2C + 0 ^=^ 2 C 0 -f 53,600 cals. 

and 2C + 202^- 2CO2+ 188,600 cals., whence, by subtraction, 
2CO 1- 0^-=2C02 +i 35, 000 cals. 

If no use is made of the heat of formation of the carbon monoxide 
!t follows that of the 94,300 calories obtainable by the complete 
combustion of a gram-atom of carbon only 67,500 calories, or about 
70 per cent, are usefully employed. This loss is generally avoided 
cither by having the producer so close to the furnace where the 
monoxide is to be burned that the lieat is carried by the gas fiom 
one plant to the other without much dissipation by th(‘ wav, or 
f)V using the heat from the ]>roducer to w'arm the furnace air-blast, 
or m some separate ])rocess. d'he producer is filled with coke and 
started by lighting a fire in it; the air-supjdy is then so legulated 
lliat complete combustion to carbon dioxide cannot take place. 
Since the gases aie continuously withdrawal irom the producer no 
(inestion of equilibrium arises, but the producer must be tall and 
the temperature must be high (1100° or over) to make sure that 
any carbon dioxide produced at the bottom shall be reduced to 
monoxide by the white-hot coke at the top. Producer-gas contains 
about 65 per cent by volume of nitrogen (and inert gases) from the 
air, the remainder being carbon monoxide wdth not more than 
2 per cent of the dioxide. 

Water-gas . — When coke is heated in steam, hydrogen and carbon 
monoxide arc produced: 

C+H-P^COT-Hj,— 30,900 cals. 

The heat absorbed in the reaction can be calculated from the heats 
of formation of carbon monoxide and water from their elements, 
that is, by adding the equations: 

26 +02=^2CO+53,6oo cals., 
and 2H20=2H2-f- 02—115,500 cals. 

2C+2H20=2C0+2H2— 61,900 cals 

Since the reaction is endothermic, the proportion of carbon monoxide 
and hydrogen in the gas produced is increased by raising the 
temperature, but it is found impracticable to supply heat from 
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outside, so the efficiency of the water-gas production rapidly 
diminishes as the heat absorbed in the reaction lowers the tempera- 
ture of the coke. In the older types of plant this was avoided 
by blowing air at intervals through the whole mass and thereby 
raising its temperature by the producer-gas reaction, but it is 
nowadays more usual to carry out these operations simultaneously 
by blowing in steam mixed with sufficient air to keep the tempera- 
ture from falling. The product is called sicmi-water-gas. Ordinary 
water-gas contains (by volume) about 50 per cent hydrogen, 
40 pel cent or more carbon monoxide, and the rest carbon dioxide 
and nitrogen, whereas semi-water-gas may contain 50 per cent or 
more nitrogen, 25 jier cent carbon nionoxide, and 15 per cent 
hydrogen, together witli some carbon dioxide and methane. 

An important modern application of the producer-gas and 
water-gas processes to the manulacture of nitrogen and hydrogen. 
The carbon monoxide is first oxidized to dioxide, which can be 
removed by dissolving it at high pressure in w'ater. 'I'he oxidati(jn 
IS carried out with steam according to the equation: 

CO f HPe^COo+TL,. 

By adding the heat evolved in the reaction: 

CO-f 68,000 cals., 

and the reaction . 

H20=H2+ 102—58,000 cals.. 

we find that the reaction evolves 10,000 calories when conducted 
from left to right. The oxidation of the carbon monoxide is 
therefore favoured by a low temperature, and to secure a reasonable 
speed at this temperature a preparation of iron or copper is used as a 
catalyst. The equilibrium is prac tically independent of the pressure. 

Carbon monoxide is a colourless gas whose physical properties 
resemble those of nitrogen. It is poisonous, and possesses so faint 
a smell that the victim is frequently overcome without realizing 
his danger. The toxic properties of coal-gas are due to the carbon 
monoxide contained in it, and deaths from carbon monoxide 
poisoning also occur in garages and other confined spaces where 
motor-car engines are run with an insufficient supply of air, and in 
un ventilated bathrooms with geysers burning. The carbon mon- 
oxide combines with the haemoglobin of the blood and prevents it 
from carrying out its function as the oxygen-carrier of the body. 
Patients should be removed from the infected atmosj)here and 
given a mixture of oxygen with a little carbon dioxide, which 
stimulates the lungs and causes panting, thereby helping the 
absorption of oxygen ; but treatment usually comes too late. It may 
be remarked that, owing to the mechanism of its toxic action, carbon 
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monoxide does not act as a poison upon those living organisms 
(e.g. plants) which are bloodless. 

Carbon monoxide is nearly insoluble in water. It has the same 
flensity as nitrogen, and is therefore very slightly lighter than 
air. It burns readily in air or oxygen, but only if water-vapour is 
present. The water-vapour in the atmosphere is sufficient, but 
a ]et of burniiiL^ carbon monoxide is extinguislied if introduced 



into a wide - necked flask in which the air 
has been moderately dried by shaking with a 
little concentrated sulphuric acid. For this 
ex})cnnient the carbon monoxide must first 
be dried with sulphuric acid, and it must be 
sliown that there is sufficient access of air to 
the interior of the flask for the gas to burn 
111 it in the absence of a desiccating agent. 



Cone SLilphunr ^rul. 


i'lr. j :() MoisiuKi'. Necessary to CoMnesiiox 01- 
Cariion Monoxide 


Carbon monoxide is an uiisaturated comjioimd, that is to say, it 
will lorm addition com]>oimds. This pro])t'rty is, howc'vcr, far 
bom (‘vident at ordinar^^ ttauperatures and pressures and in the 
abstaice of catalysts and light. Ainmoniacal solutions of cuprous 
( hloricb* absorb it I0 give a compound CuCl.t'O.IIoO, but here carbon 
monoxide is acting as a donor m(»lecule, as in the carbonyls. It 
will also combine with chlorine, .slowly in diffused daylight and 
icipidly in bright sunlight, to form carbonyl chloride or phosgene: 

( O+Clo-COClg. 

h'or the remaining addition reactions raist^d temperatures and 
pressures or catalysts are necessary. Carbon monoxide will 
combine rapidly witli oxygen at C. on the surface of manganese 
dioxide. With sulphur vapour in a hot tube carbon oxysuljihide, 
COS, is produced: 

CO+S-COS. 

With hydrogen at high pressures and in the presence of a catalyst 
methyl alcohol can be obtained: 

CO+2II2-CH3.OH; 
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a process which is worked on the industrial scale at 200 atmo- 
spheres. With caustic soda in the presence of water at about 200'^ 
sodium formate is produced: 

CO +NaOH =H.COONa ; 

this process is also worked on the commercial scale under increased 
pressure. At high temperatures the reducing powers of carbon 
monoxide become more evident, and tlie gas is widely used in 
metallurgy for reducing metallic oxides to the metal. 

To estimate carbon monoxide in air, its power of reducing iodine 
pentoxide at a temperature of 70° is employed: 

l205+5C0=5C02-l-Io. 

The carbon dioxide produced is swe]:>t on by the air stream and 
absorbed in a solution of barium hydroxide, where it is estimated 
by titration. The air must first be freed from carbon dioxide. 

At moderately high temperatures and usually at high pressures 
carbon monoxide will react with some of the metals to form carhonvh 
such as iron pentacarbonyl, Fc(CO)5; nickel carbonyl, Ni(Cd)4: 
cobalt carbonyl, Co2(CO)8. Such carbonyls are formed only by 
metals of the transitional sequences (p. 771). On strong heating 
they dissociate into metal and carbon monoxide. Their low boiling- 
points and solubility in organic liquids point to a covalent structure, 
e.g.: 

CO CO 


^1 l/ 
Ni 

7 ^ ^ 


(5o 


CO 


The formation and decomposition of nickel carbonyl is the basis 
of the important Mond process for the commercial preparation 
of nickel. 

The composition of carbon monoxide is known from the fact 
that two volumes of the gas, when sparked with one volume of 
oxygen, produce two volumes of carbon dioxide. Its electronic 
structure is discussed on p. 339. 

Carbon dioxide, COg. — Occurrence . — Carbon dioxide occurs in 
the atmosphere to the extent of about o-03-o-04 per cent by volume, 
though this proportion varies in different parts of the earth. Large 
quantities of the gas also issue from volcanoes or other vents in 
the earth’s crust; thus the atmosphere of a certain cave near 
Naples contains about 70 per cent of carbon dioxide, and the 
cave is called the Grotto del Cane because the gas forms a layer on 
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the ground deep enough to asphyxiate any dogs which may venture 
in. A valley in the Yellowstone Park in California is called Death 
Gulch for the same reason, and has been described as ‘ littered with 
the skeletons of men, animals, and birds/ In Germany natural 
carbon dioxide issuing from the ground is collected, purified, and sold. 

Carbon dioxide is produced by the respiration of animals and 
])lants, but the amount so liberated is an insignificant fraction of 
the caibon dioxide content of the atmosphere. Of all the gases 
id the lower atmospliere carbon dioxide most strongly absorbs 
solar radiation, and it has an important effect on the temperature 
of the earth, which it reduces. Atmospheric carbon dioxide is 
the principal food of green plants. 

M anufewiure . — Carbon dioxide is always present in furnace 
gases, of which, with nitrogen, it is usually the chief constituent, 
])ut it is only seldom recovered from this source, though a process 
lias been developed for recovering it from water- and producer- 
gas. On the commercial scale it is usually yirepared by heating 
hinestonc (calcium carbonate), and is therefore a by-i)roduct in 
t he preparation of quicklime : 

CaCOy-CaOd-CO^t- 

1 he furnace in whicli the operation is carried out is called a lime- 
kiln; the necessary heat is usually provided by the complete 
combustion of coke inside the kiln. 

h'or the manufacture of soda- and mineral -waters, which owe 
their effervescence to carbon dioxide dissolved in them under 
])ressure, a purer gas is reciuired, and this is often obtained from 
i:)reweries, where it is produced during the process of fermentation. 
If pure carbon dioxide is to be prepared from furnace gases, these 
arc first passed through w\ater to remove sulphur dioxide, which 
IS much more soluble in water than carbon dioxide is, and are 
then absorbed in a solution of potassium carbonate, where bicar- 
bonate is produced (sodium carbonate is less suitable, since sodium 
bicarbonate is not very soluble) : 

C03"+H,,0+C0,=2HC0,'. 

The carbon dioxide is recovered from the solution, which can be 
used again, by boiling it, when the reverse action takes place. It 
is dried with concentrated sulphuric acid and sent out in cylinders 
in which it is confined at a pressure of sixty atmospheres. 

In the laborator^^ carbon dioxide is nearly always made by the 
action of acids on carbonates: 

C0./+2H=H,0+C0,t. 

The gas is freed from acid vapour or spray by passing it through a 
solution of sodium or potassium bicarbonate. 
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Properties , — Carbon dioxide is a colourless gas, said by some to 
have a faint but characteristic odour; it certainly produces a 
tingling sensation on the membrane of the nose when inhaled. It 
is a heavy gas, twenty-two times as heavy as hydrogen and 50 per 
cent heavier than air, and since it will not (in general) support 
combustion, it is used in some types of fire extinguisher, which 
generate it as required from a carbonate and a dilute acid. 
The gas keeps low and diffuses only slowly from the burning 
material, which it deprives of air. 7'he gas was first liquefied in 
1S23, by h'ARADAY; at atmospheric ])ressure the liquid cannot 
exist, but the solid can do so provided the temperature is below 
—78°. In the cylinders in which it is supplied at about sixty 
atmospheres carbon dioxide is a liquid, but on free expansion from 
such a cylinder so much heat is absorbed that the temperature is 
reduced below —78"^ and some solid carbon dioxide, called ‘ carbon 
dioxide snow,' fonns at the exit tube and may be collected in a 
flannel bag tied over it during the escape of the gas. A concen- 
trated solution of the solid in acetone, through which air is blown, 
may reach a temperature as low as —no'’. Ether is sometimes 
used instead of acetone. 

The jiroduction of solid carbon dioxide is now carried out on a 
large scale. The gas is first liquefied by pressure, and then solidified 
by free evaporation. Since at atmospheric pressure the solid turns 
directly to gas, it leaves no liquid behind it — hence the name ‘ dry 
ice.' The latent heat of sublimation (153 calories per gram) is 
exceptionally high, so that a block evaporates very slowly in still 
air, being constantly surrounded by an insulating layer of intensely 
cold gas. It is packed into cartons with ice-cream or perishable 
goods, and the fact that it disappears without leaving moisture is a 
great advantage for such puiposes. Solid carbon dioxide is also 
largely used in engineering. 

Under atmospheric pressure water dissolves about its own volume 
of carbon dioxide at room temperature, though the solutions are 
easily .supersaturated. The solution has a feeble but definite acidity. 
Carbon dioxide deviates in its behaviour from Henry's law. The 
gas is a feeble poison, but its frequent fatal effects arc due rather 
to the exclusion of air, which causes suffocation, than to any specific 
effect. The unpleasantness of the air of crowded rooms is due not 
to carbon dioxide, though its concentration under these circum- 
stances may reach 0-5 per cent, but mainly to the stagnancy of 
the air in contact with the skin and to the increase in humidity. 
Immunity to such atmospheres cein be attained —if desired — by 
practice. 

Carbon dioxide is a comparatively inert substance. It can be 
reduced to carbon monoxide at high temperatures by carbon and 
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some metals, and by magnesium, zinc, or aluminium to carbon; 
magnesium, if ignited and plunged into the gas, will continue to 
burn. With ammonia, carbon dioxide combines to form ammonium 
carbamate: 

C02+2NH3=NH2.C00NH4, 

!)iit if water is present beyond the minute quantity necessary to 
catalyse the reaction, ammonium carbonate is produced. The 
modern manufacture of synthetic urea depends on the former 
reaction (p. 390). 

Carbonic acid, H0CO3, has never been isolated, but it is known to 
ov^cur in aqueous solutions of carbon dioxide, and its salts, the 
l arbonates, are among the commonest substances of inorganic 
chemistry. Carbon is not known to form a tetrahydroxide, C(OH)4, 
but certain organic derivatives of this hypothetical substance are 
known, such as ethyl orthocarbonate, €(002115)4. 

In aqueous solutions of carbon dioxide equilibria are set up 
between carbon dioxide, water, and carbonic acid, and between 
the acid and its ions: 

COa+HgO^H^CO.,. ll 2 C 03 ^-^H+Hr 0 ./. HC03'^I1'4-C03^ 

The constants governing these equilibria are, at 18°: 


'MfO,] 

lCO,] 


=7 X xo 


LH-] [HCO,'] 


10 


[IT] [CO./] 
[HCO3'] 


=6x10'^^ 


riie calculation of the first constant is very difficult, since it involves 
no ions and is tliereforc inaccessible by the conductivity method, 
and when known it is useful onlv in combination with the second 


rip I rUPQ '1 

constant: \ ^ =3-5 x lO"’. The denominator is virtually 

the total concentration of carbon dioxide, free or combined. 


m the solution, and the figure 3*5Xio~^ is the (apparent) first 
dissociation-constant of the acid, which is therefore very weak. 
If we take into consideration the fact that only 0*7 per cent of 
carbon dioxide dissolved in water is combined with it, the acid 


IS seen to be a good deal stronger than it appears to be. 

In its second dissociation carbonic acid is very weak, so that 
solutions of carbonates are strongly alkaline from hydrolysis. 
Ihcarbonate solutions are also hydrolysed, and contain, in addition 
to bicarbonate ions, carbonate ions and free carbonic acid. Their 


hydrogen ion concentrations lie in the neighbourhood of io~® and 
10-^, according to the dilution, and they are consequently nearly 
neutral, so that carbonate solutions can be titrated with acid to 
bicarbonate with yffienolphthalein, though not very exactly. 

Carbonates, except those of the alkali-metals, ammonium and 
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thallium, are insoluble in water. It is, however, usually impossible 
to precipitate them by passing carbon dioxide through neutral solu- 
tions of the salts of the metal, because the carbonate ion concen- 
tration of a solution of carbon dioxide in water is extremely small. 
A carbonate solution must be used instead. All bicarbonates, on 
the other hand, are soluble in water (though sodium bicarbonate is 
not very soluble). On this fact is based the usual test for carbon 
dioxide. When the gas is bubbled through lime-water, which has 
a distinctly alkaline reaction, on account of the basic properties 
of calcium hydroxide, finely-divided calcium carbonate is produced 
and the liquid becomes milky: 

C02+H.,0->H2C03->2H*-1 CO3" and Ca +C0./->CaC03 1 . 

but on continuing the passage of the gas, bicarbonate is formed and 
the precipitate dissolves: 

CO2+H2O f CaC03->Ca‘ +2HCO3'. 

On heating, bicarbonates lose carbon dioxide and water and give 
the normal carbonate; 

2BCO^':r=CO./-\~Ufi+CO,f, 
and this reaction takes place in water on boiling. 

When, as is often the case, the carbonate and hydroxide of a 
metal are both insoluble, the addition of a carbonate solution to 
a solution of one of its salts usually precipitates a mixture of the 
carbonate and hydroxide, which may also include a basic carbonate 
of definite composition. The hydroxyl ions required for the 
precipitation of the hydroxide are derived from the hydrolysis of 
the carbonate solution, and it is often possible to precipitate the 
pure carbonate by the use of a bicarbonate solution, in which the 
hydroxyl ion concentration is very much less. In addition to this 
it is sometimes necessary to bubble carbon dioxide through the 
solution in which the precipitate is suspended. Metals such as 
aluminium, whose hydroxides are very weak bases, do not form 
carbonates. 

On account of the acidic nature of carbon dioxide it combines 
with solid basic oxides or hydroxides at ordinary temperatures, e.g. * 

Ca0+C02=CaC03 or KOH-f-COg-KHCOa, 

and carbon dioxide in a gas stream (as in organic analysis) is 
estimated by absorbing it in aqueous potash, which may be weighed 
before and after. To prevent increase in weight by absorption 
of water from the air, it is necessary to protect the potash bulb on 
the far side with a calcium chloride tube and to dry the gases 
before they enter it. 
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The constancy of the proportion of carbon dioxide in the atmo- 
sphere is due partly to tlie removal of the gas by the photosynthetic 
activity of green plants, and partly to the fact that the bicarbonates 
m the ocean act as carbon dioxide ‘ buffers,' and thus regulate 
the equilibrium between the dissolved gas and that present in 
the air. 

Percarbonates. — These salts contain the ion Potassium 

pcrcarbonate, KgCaOfi, is precipitated as blue crystals when a 
saturated solution of potassium carbonate is electrolysed at a low 
tem])crature. A diaphragm must be used, and the anode must 
be a smooth platinum wire, at which oxygen has a high over-voltage : 

2CO3"— 2 electrons=:C206\ 

On careful drying the salt is obtained as a white anhydrous solid 
soluble in water. Its solutions have strong oxidizing properties 
and behave as though they contained hydrogen peroxide, which 
iiid(‘ed is probably formed by hydrolysis: 

C20/+20H'-2C03''1-HA- 

IV'rcarbonatcs can also be obtained by the action of carbon dioxide 
on cold suspensions of sodium peroxide: 

2CO2 + N a202-- N a2C20 g. 

All percar])onfites are unstable, and on warming give the normal 
carbonate, carbon dioxide, and oxygen: 

2K2C20«=2K2C03+2C02 t +O 2 1 • 

Halides. — Carbon Ictr a fluoride, CF4, is prepared by union of the 
elements, or by thci action of silver fluoride on carbon tetrachloride 
at 300°: 

4AgFH-CCl4=CF,+4Aga 

It is a colourless, odourless gas, boiling-point —130®. It is very 
stable and inert, being unaffected by water, concentrated sulphuric 
acid, caustic potash, or benzene, and suffers no change even when 
mixed with hydrogen and exposed to sparks. Sodium, magnesium, 
and barium react with it with incandescence. 

The stability of covalent halides usually decreases from fluorine 
to iodine, and this is ver^^ noticeable in Group IV. 

Carbon tetrachloride, CCI4, cannot be obtained at any temperature 
by combination of the elements, and is prepared on a fairly large 
scale by the action of chlorine on carbon disulphide: 

G S 2 “b 3 ^ i 2 ^^1 4 “f" ^ 2^1 2 * 

Iodine or anhydrous aluminium chloride may be used as catalyst. 
Carbon tetrachloride is a colourless volatile liquid, boiling at 77°, 
with a sweet smell, and is used in laundries in ‘ dry-cleaning,' and in 
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oil mills for extracting oil from crushed seeds; both these uses 
depend on its solvent power for oils and fats. It is non-inflammable, 
and this is an advantage over carbon disulphide, which is sometimes 
used for the same purpose, but it is quite as poisonous, is dearer, and 
also attacks metal-work. Both the disulphide and the tetrachloride 
are now being replacerl as a solvent by ' westron,* or acetylene 
tetrachloride, C2HJJCI4, and ‘ westrosol,' C2HCI3 (trichlorethylcne). 
The latter has no deteriorating effect upon metals. 

(’arbon tetrachloride is a heavy liquid (density 1*58) and the 
vapour is fl\'e times as heavy as air. Hence carbon tetrachloride 
is used in liro-extinguishers; it is immediately vaporized at the 
temyierature of the conflagration. It is particularly suitable for 
motor-car outfits, as it dissolves petrol, wdiereas water merely 
floats it. It has also been used in shampooing, but is not to be 
recommended for this purjiose, as its anaesthetic powers exceed 
those of chloroform. 

In the laboratory it is used as an eminently inert solvent for oils, 
fats, the halogens, etc., and has the advantage of being practically 
insoluble in water. The chemical stability of the substance is va^ry 
remarkable; it is the only tetrachloride of Grouj) IV to be entireK' 
unaffected by water, and sodium has no visible action on it in the 
cold. This inactivity is probably due to the symmetrical and 
fully saturated electronic structure (the covalency maximum of 
carbon is four) and should be contrasted with the ready hydrolysis 
of the tetrachloride of silicon, whose covalency maximum is six. 
The dielectric constant of carbon tetrachloride is small (2-0), it 
has negligible donor or acceptor properties, and is the non-polar 
solvent par excellence] it neither ionizes in other solvents nor 
induces ionization in substances dissolved in it. 

Carhimyl chloride or Phosgene, COClg, is the acid chloride of 
carbonic acid. It is produced by the combination of carbon 
monoxide and chlorine on a charcoal catalyst (in sunlight the action 
takes place spontaneously) or by oxidizing carbon tetrachloride 
with fuming sulphuric acid. It is a colourless, extremely poisonous 
gas, boiling at 8° and slowly hydrolvsed by water: 

COCl2-f H.p-CO,d 2IICI. 

Carbon disulphide, CSj, is prey)ared by heating coke and sulphur 
in an electric furnace, from which the carbon disulphide escapes 
as vapour. It is an excellent solvent for oils and fats, sulphur, 
phosphorus, iodine, rubber, and other substances, and is used on 
the large scale in oil recovery and in the vulcanization of rubber. 

It is a colourless volatile liquid, boiling at 46°, and highly in- 
flammable. The pure substance has a sweetish smell, but the 
commercial product contains impurities which give it a disgusting 
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odour : they can be removed by shaking with mercury and distilling, 
( arbon disulphide is only very slightly soluble in water. 

Carbon oxysulphide, carbonyl sn^pbdde, COS, is a colourless in- 
llammable gas prepared by the combination of carbon monoxide 
and sulphur vapour in a hot tube, or more conveniently by the 
iction of moderately concentrated sulphuric acid on a thiocyanate: 

CNS'+2ir-f HoO-nh;-icos ^ . 

In ])hvsical j)ropertics it is intermediate between carbon disulphide 
and carbon dioxide. 

Cyanogen, CjjN,, is obtained by healing the cyanides of mercury, 
silver, or gold, e.g. : 

Hg(CN),-llg 

or by healing mixed solutions of cupric salts and cyanides: 

Cu*’H 2CN' --Cu(CN)o I and 2ru((:N).-Cn,,((:N),,d f • 

It is a colourless, inflammable, and extremely poisonous gas with a 
peculiar smell. It is fairly soluble in water, but the solution is 
unstable and the cyanogen is slowly hydrolysed with the formation 
of organic substances. Wdth the alkali-metals cyanogen combines 
to form cyanides: 

2K i C.N.,-~ 2KCN. 

Paracyanof^en is a polymer of cyanogen sirnult ancons] y produced 
wlien the gas is prepared by heating mercuric cyanide. It is a 
brown powder that yields cyanogen on strong healing. 

Hydrogen cyanide, HCN, sometimes called hydrocyanic or prussic 
acid, is prepared by the distillation of a cyanide solution to which 
a dilute acid, such as dilute sulphuric acid, has been added. The 
pioduct is an aqueous solution of hydrogen cyanide. If the sub- 
stance is required pure the water- vapour must be removed by 
p.issage through calcium chloride; the hydrogen C3^anide can then 
be condensed in a Ircezing-mixture. It can also be obtained by 
]^assing ammonia over carbon at a liigh temperature and rapidly 
cooling the gas stream after it leaves tlie reaction vessel: 

KHj I C^nCNfH,. 

Hydrogen cyanide is a colourless liquid, boiling at 27°, with a 
peculiar odour to which many persons are completely insensitive. 
Like other cyanides it is intensely poisonous, and a few drops 
placed on the tongue usually cause practically instantaneous death. 
The resistance to the action of the poison varies with individuals, 
but cases have been recorded of suicides who have lost conscious- 
mess before putting down the cup from which the poison has 
been drunk. Nevertheless, South African natives, if allowed, use the 
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tanks of cyanide solution for the gold-mines as bathing pools and 
seldom suffer any ill effects. 

Hydrogen cyanide mixes with water in all proportions. The 
solutions are very weakly acidic, the dissociation-constant of the 
acid being only 7x10“^®. Consequently solutions of cyanides, 
such as potassium cyanide, are strongly hydrolysed and have 
a marked alkaline reaction. By concoitratcd acids cyanides are 
decomposed with the formation of carbon monoxide and an 
ammonium salt: 

CNM-2H--j-H,0=NH4-+C0 t . 

Cyanides are reducing agents, and in the exercise of this power 
are converted to cyanates: 

CN'+O-OCN'. 


Their remarkable power of forming complexes of great stability 
has already been alluded to. It has been shown that the organic 
isocyan ides have a structure in wliich six electrons are shared 
between the carbon and nitrogen atoms: the structure of the cyanide 
ion is: _ _ 


:N 


C: 


In hydrogen cyanide the hydrogen atom may be attached eitlier 
to the nitrogen or the carbon, and there is some reason to believe 
that the liquid is an equilibrium mixture of the tautomeric forms 
H.CN and Il.NC. The complex-forming powers of the cyanide 
ion are specially enhanced because it contains two ‘ lone-pairs ' 
(see p. 797), and in many solid cyanides both pairs are active. 


Silicon 

Si — 28-09, Atomic Number, 14 

History. — Van Helmont (1577-1644) made silica (SiOg) the basis 
of one of the earliest illustrations of the conservation of matter. 
He fused a known weight of silica with alkali, dissolved the ' glass ' 
in water, and then precipitated the silica with acid. On drying and 
weighing, the weight of silica obtained was found to be equal to 
the original weight. Becher (1655) regarded silica as an earth, 
if his terra vitrescibilis is rightly to be identified with that substance. 
Tachenius, however, in 1660 showed that it differed from an earth 
in possessing acidic properties. Lavoisier (1787) assumed silica 
to be the oxide of an unknown element, and in 1809-11 Gay-Lussac 
and Thenard prepared crude siheon by heating potassium in silicon 



GROUP IV 


581 

fluoride gas (SiF4). Berzelius {1823) obtained a better yield by 
roducing potassium fluosilicate (KoSiFg) with potassium, and was 
able to determine the atomic weight ot the element. He regarded 
it as a metal, but Davy showed it to be a non-metal and to possess 
a striking similarity to carbon. 

Occurrence. — With the single exception of oxygen, silicon is the 
most abundant element on the face of the earth (including the atmo- 
sphere and the sea), and forms about one-quarter of the earth's 
crust, by weight, whereas oxygen accounts for about a half. It 
occurs exclusively as the dioxide, silica, SiOo, or as a silicate. Flint, 
quartz (* rock-crystal ’), and sand are all silica in different states 
of purity, and several precious stones, such as amethyst or jasper, 
consist of silica coloured by traces of other comjx^unds. .Silicates 
are very complex substances in which almost any metal may be 
contained; the aluminosilicates are particularly abundant and are 
the principal constituent of clay. 

Silicon and its Compounds. — 'Hic chemistry of silicon is dominated 
hy the stability of silica and the silicates, the final product of almost 
all the reactions in which it tak(‘s part. Silicon forms no elementary 
ions, and its compounds are nearly all either insoluble in water or 
are hydrolysed to form silica or a silicate. Silicon has the usual 
resemblance with the first member of the previous group, boron, 
and also strongly resembles carbon. Unlike carbon, the element 
does not occur in the free state in nature, and silicon is much more 
difficult than carbon to prepare, on account of the great stability 
of the dioxide. Silicon shows, though to a much smaller extent, 
some of the power which carbon has of forming long chains, but 
m the silicon chains oxygen atoms must alternate with the silicon 
atoms. Silicon is almost invariably quadrivalent, and in this it 
res('mbles carbon, though silicon monoxide is very far from playing 
a part of the same importance as carbon monoxide. The covalency 
inaximiim of silicon is six, compared with four for carbon, and 
this is probably responsible for the instability of the tetrahalides 
towards water and the existence of the fluosili cates; the great 
complexity of the silicates is due to the variety of ways in which 
SiO^ tetrahedra can unite. 

Elementary Silicon. — The element can be pre})arcd by reducing 
either a tetrahalide or a fluosilicate^ with an alkali-metal : 

4K+SiF4=4KF-fSi or 4K-bK2SiFfl-6KF-bSi. 

It can also be prepared, though in poor yield, by heating a mixture 
of sand and magnesium powder: 

2Mg -f SiOo = zMgO + Si. 

Magnesium silicide is produced at the same time. All these pro- 
cesses yield amorphous silicon. The crystalline element can be 
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obtained by heating a mixture of fluosilicatc and magnesium in 
the proportions shown in the equation : 

K2SiE,3+2Mg= 2KFH-2MgF2+Si, 

or by reducing silica with calcium carbide. Crystalline silicon is also 
obtained as a by-product in the manufacture of carborundum. 

Properties. — Silicon has a high melting- and boiling-point, but 
can be distilled with difficulty in the electric furnace. Crystalline 
silicon in appearance somewhat resembles a metal, and has some 
power of conducting the electric current, while with certain metals 
it forms alloy-like compounds, but it will not liberate hydrogen 
from any acid except hydrofluoric. Cr^^stalline silicon has the 
ciystal structure of the diamond, and shares some of the chemical 
inertness of carbon. If heated in air or oxygen it will burn to form 
silica, and will combine with fluorine at all temperatures to form 
the tetrjifluoride, SiF^, with the evolution of much heat, but it 
must be heated l^eforc combination with chlorine takes place. At 
high temperatures the reducing powers of silicon are more evident, 
and at a white heat it will decompose steam and many metallic 
oxides with the formation of silica. Silicon readily liberates 
hydrogen from caustic alkalis, either fused or in solution, with 
the formation of silicates. Just as diamond is less reactive than 
charcoal, so is crystalline silicon less reactive than the amorjdious 
variety. 

Silicides. — The silicides of two elements have attained some 
industrial importance, e.g. carbon siheide, or carborundum , which 
has already been described (p. 566), and iron monosilicide , ferro- 
silicon, FeSi, obtained by reducing silicate-containing iron ores in 
the electric furnace, h'errosilicon is added to iron to improve its 
resistance to acids, and the resulting alloy finds an increasing use 
in the manufacture of resistant vessels for the concentration of 
sulphuric acid. 

Silicon hydridfs. — These interesting compounds are prepared 
from magnesium silicide, just as the somewhat similar compounds 
of boron are prepared from magnesium boride. Magnesium silicide, 
MggSi, is prepared by heating dry silica with a large excess of 
magnesium powder at a temperature which must not be allowed to 
rise too high, otherwise silicon is produced. The substance thus 
obtained is gradually added to dilute hydrochloric acid at 50° in an 
atmosphere of hydrogen (Fig. 120, p. 522), when a gas is obtained 
consisting chiefly of hydrogen, but also containing some 5 per cent 
of hydrides of silicon, of which the simplest is produced according 
to the equation : 

Mg2Si+4H‘=SiH4 f -f 2Mg*’. 

The mixed gases are freed from water and hydrogen chloride and 
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are then separated from hydrogen by condensing them with liquid 
air. The mixture is then fractionally distilled. 

Silane, silicomethane, SiH4, is a colourless gas with a peculiar 
smell, and is stable in the absence of air, but on strong heating 
decomposes into silicon and hydrogen. It is spontaneously in- 
tlarnmablc, yielding water and silica. Silane is produced in 
theoretical yield by adding silicon tetrachloride to lithium 
aluminium hydride in ether solution (cf. diborane, p. 523). Silane 
IS slowly decomposed by water: 

SiH4-l-2H20=Si02 I + 4 U 2 1 » 

and more rapidly by solutions of caustic alkalis: 

SiH4+H20+20H'-Si03" - 1 - 4112 1 - 

measuring the volume of hydrogen evolved in this and similar 
leactions, it is possible to analyse the silicon hydrides, of which 
a series is known, corresponding in f(>rmula with the lower paraffins, 
though the properties of the two scries of compounds are not at all 
similar. Typical members are disilane, or silicoethanc, SigHy, and 
trisilane, or silicojiropane, Si^llg. 

By the action of the halogens on silane at low temperatures, 
such compounds as monoiodosilane, Sillyl, and dibromosilane, 
SiIl2Brj, can be obtained. They are decomposed by water, but 
the silico-alcohols resulting from their hydrolysis are unstable and 
lose water to form silicoethers or silicoaldehydes : 

SiH3H-H20-SiH3(0H)-f-HI. 2SiH3(0H) = (SiH3)20-l-H20. 
SiH2Br2-f2ll20=SiH2(0H)2+2HBr. SiH2(0H)2-=SiH20-hH20. 

The hydrides of silicon are sharply distinguished from the paraffins 
by the action of hydrogen chloride, which has no effect on the 
latter, but reacts with the former, in the presence of aluminium 
chloride as catalyst, to form such compounds as monochlorosilane: 

SiH4+HCl=-SiH3Cl+H2. 

Silicon oxides. 

Silica, silicon dioxide, SiOg, constitutes some 12 per cent by weight 
of the crust of the earth, and if its derivatives the silicates are 
included, the proportion is more than half. It can be prepared in 
several amorphous and at least seven crystalline forms, of which 
we shall mention only the three most important: quartz^ tridymitc, 
and cristohalite , aU of which are found in nature. 

Quartz, or rock-crystal, is a very abundant mineral and is stable 
up to about 870°. Very large fine crystals of this substance are 
sometimes found. It is transparent not only to visible light but 
also to the radiations of the ultra-violet and infra-red which 
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are absorbed by glass, and is therefore ground into prisms and 
lenses and used in optical apparatus designed to deal with these 
wave-lengths. At 575° it is converted to a modification called 
jS-quartz, to distinguish it from the a-quartz stable at ordinary 
temperatures. By X-ray analysis the two forms have been shown 
to differ in the arrangement of the atoms in the crystal lattice. 
At 870® it is converted to tridymite, a less dense substance whose 
temperature of formation is therefore increased by increased 
pressure, and at 1470® tridymite forms cristobalite, which melts 
at 1710®. 

P'used silica, often called fused quartz or silica-glass, is prepared 
by fusing silica in the electric furnace. At a slightly higher 
temperature silica begins to vaporize. Amorphous silica is also 
obtained by the removal of walci from silicic acid; it crystallizes 
on strong heating. 

Silica is soluble in water only in the form of the colloidal solution 
silicic acid, which consists of silica associated with a variable 
quantity of water. The oxide has no amphoteric properties and 
is attacked only by hydrofluoric acid among the acids, and slightlv 
by phosphoric acid at high temperatures. It will, however, dissolve 
in alkalis, amorphous silica in the solution, and cpiartz, slowly, in 
the fused substance : 

SiOa -h 2OT r - SiO/ -f H p . 

On account of its resistance to reagents fused silica is now a valuable 
material for vessels for use in the laboratory and in industry. It 
has been used on the large scale in the concentration of sulphuric 
acid. The coefficient of expansion of silica is exceedingly low, 
so that small articles made from it can be heated red-hot and 
quenched in water without cracking. It is also free from the traces 
of soluble impurity present in ordin.iry glass, and silica vessels arc 
frequently used in research, especially when the catalytic properties 
of the surface are of importance, as in studies of reaction velocity. 
Laboratory silica-ware is made in two varieties, transparent and 
translucent; the former is more convenient but very much more 
expensive. 

Silicic acid and silicates. — Hydrated silica is precipitated when 
an acid is added to the solution of a soluble silicate. The action 
may be written: 

Si0./'-b2H'-H.,Si03 1 , 

but the formula does not exactly represent the composition of the 
precipitate, which is in the colloidal form and is associated with a 
variable quantity of water. When purified by dialysis and pro- 
tected from coagulation the solution is found to be a weak acid, 
easily precipitated by the addition of electrolytes. 
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silicic acid and the silicates arc for the most part complex 
substances of high molecular weight. The metasilicates of the 
jl kali-metals are soluble in w^ater; sodium metasilicate, NiuSiO^, 
IS a colourless substance which can be obtained in the crystalline 
rv)udition. The commercial j^roduct is manufactured under the 
name of ' waterglass * by boiling powdered flint under jiressure 
with a concentrated solution of caustic soda and evaporating the 
solution to a syrupy consistency: the composition of the solute is 
.ipproximately Na2Si409, i.e. Na20.4Si02. It is used in the cardbox 
industry as an adhesive; for hardening cement roads; for mend- 
ing small articles; and in dilute solution for ]ireserving eggs — 
it clogs the pores of the shell and isolates the interior oi the egg 
from bacterial infection. Silicate solutions contain the ions SiOg" 
and 

Glass is a mixture of various silicates, sodium, potassium, calcium, 
and lead being the metals most often used. Glass is undoubtedly 
to be regarded as an undercooled liquid, and has no definite crystal- 
line structure, but it can sometimes be made to crystallize by 
prolonged heating. The process of crystallization is called ‘ devitri- 
fication,' and makes the glass brittle, translucent, and useless. 

‘ S()ft ’ or soda glass is made by heating sand, sodium carbonate, 
and hme in a glass-furnace. It softens at a lower temperature 
than other glasses and is the most widely used. If potash is 
substituted for soda the familiar * hard ' glass of the laboratory 
IS obtained. Glasses specially made for resistance to attack by 
chemicals usually contain boric oxide and free silica — such are 
Jena glass and Pyrex. Finally, coloured glass is made by the 
addition of small quantities of metallic oxides or silicates, or even 
finely divided metals, to the melt, e.g. cobalt oxide, blue ; chromium 
oxide, green : colloidal copper or gold, red. The ' stained glass ' 
used in church windows consists of colourless glass on which a 
thin layer of coloured glass has been melted. 

Silicon monoxide, SiO.- When a mixture of silica with silicon or 
carbon in the proportions SiOgd-Si or Si02d-C respectively is heated 
in an electric furnace, the mixture is completely volatilized at 
1400-1500°, that is, at a temjicrature far below that needed to 
volatilize either constituent alone. On slow cooling a brittle black 
Solid, of composition SiO, is formed, but has been proved by X-ray 
diffraction to contain only silicon and its dioxide. It may be 
inferred that while a monoxide exists as vapour it decomposes on 
cooling and sofidification. The brown amorphous powder produced 
by rapid cooling liberates hydrogen from w^ater, and may retain 
some undecomposed monoxide: 

SiO l-HgO^^SiOg+Hg f . 
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Silicon halidi:s. 

Silicon tetrafluoride, SiC^, can be made by the combination of 
the elements, or by the action of hydrogen fluoride on silica. The 
action : 

SiOa-lMllE -SiE^-l 2H,0, 

is reversible, and evolves heat when carried out from left to right; 
it is tlurefore necessary to ])reparc silicon fluoride at as low a 
temperature as i)ossible. The e qnilibrium is complicated by the 
formation of fluosilicates (in which silicon has a covalency of six) : 

2E'^siiv. 

The fluoride is usually prejxired by heating a mixture of silica 
and calcium fluoride with concentrated sulphuric acid, which by 
absorbing the water formed in the reaction promotes the formation 
of the tetrafluoride. The gas must be purified from hydrogen 
fluoride by passing it through a long tube full of red-hot glass wool, 
with which the hydrogen fluoride reacts to form water and silicon 
fluoride. It can Ije obtained ])ure by heating barium fluosilicale 
111 a copper apparatus: 

BaSilq,----Sib^ t H 

Silicon telratluoride is a colourless gas which, unlike carbon 
tetrafluoride, is immediately decomposed by excess of water into 
silica and hydrogen fluoride, though under suitable conditions tlu^ 
ri'N'orse action takes place. TJie silicon tetrafluoride then combines 
w ith the hydrogen fluoride formed by its hydrolysis to produce the 
soluble //was i/u'/V acid, so that the total reaction is: 

3SiE44 2HoO-SiO,| -1 2H2SiF«. 

The delivery-tube from which the. gas issuers should dip under 
mercury under the surface of the water, or it w'ill be choked by tlie 
gelatinous silica produced. 

Fluosilicic acid, lESiFft, has not been obtained pure, for on 
concentrating the solution hydrolysis takes place and the solution 
loses hydrogen fluoride and siUcon tetrafluoride. It is a strong 
acid which can be titrated wuth caustic alkalis, and in solution 
in the cold shows very little tendency to decompose into fluorides 
of silicon and hydrogen. The fluosilicates caimot however exist in 
strongly alkaline solution, but are decomposed according to the 
eijuation: 


SiF«"-f40H'=6F+Si02 H-2H0P. 
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ilie fluosilicatcs of the alkali-metals (except lithium) and of barium 
are only slif^htly soluble. 

Similar compounds are not known with halogens other than 
ihiormc; most elements display their maximum co\"ilency in com- 
hination with fluorine. 

Silicon tetrachloride, SiCl4. — Unlike carbon, silicon will burn in 
riilorim* to fonn the tetrnchloride, which can more easily be pre- 
j aK'cl by passing chlorine over a hot mixture of silica and charcoal. 
It is a colourless liquid (boiling-point 57°) which is slowly 
}i\ (Irolysed by water with the formation of silica and h3rirogen 
( liloride: 

SiClj f 2H,0-Si0, i d 4 IICI 

(contrast this behaviour with that of carbon tetrachloride). The 
lujuid is unalJected by sodium, but when sodium is healed in the 
v.i])onr silicon is obtained: 

4Na-f SiCl4— Si-|-4NaCl. 

In addition to the tetrachloride, silicon forms compounds SiXl^, 
Si/'lg, etc., with chlorine, which recall the highcT chlorides of 
I arbon. 

Silicochloroform, trichlorosilane, SiCl^H, is obtained by licaling 
silicon, or better topper silicide, in hydrogen chloride gas: 

Si+sllCl-SiHClad 

It is a volatile liquid which resembles silicon tetracliloriile mon? 
than chloroform: it is quickly hydrolysed by water and is more 
KMctive than chloroform. 

Silicon tetrabromide, SiHr^, and silicon tetraiodide, SiJ^, are 
colourless substances which resemble the tetrachloride, though the 
tetraiodide is a solid. 

Silicon phosphate. — Silica dissolves with difficulty in hot phos- 
])lioric acid, forming a compound which has the composition 
TjV excess <>t water it is hydrolysed into silica and phos- 
j)horic acid. 

‘Silicones.’- - Highly polymerized organosilicon compcumds, 
knowm collectively as ‘ silicones,' have bccomi' very important 
commercial products during the last lew years. They are used for 
waterproofing, insulating, lubrication, and a wide variety of other 
inirposes. 1 heir coii.stitution is that of ir.defmitely extend* cl chains 
-e.g.: 

— 0-Si(CH3),— O- Si(CH3)o 0 - 
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SUBGROUr 

Titanium, Zirconium, Cerium, Hafnium, Thorium 

[Note. — Ccriiim can be considered with the rare-earth group, but 
fits more conveniently into Group IV, as it has many features in 
common with thorium which distinguish it from the rare earths. 
U'ith tlic exception of titanium, all the elements of this subgroup 
arc rare.] 


Titanium 

Ti— 47*go. Atomic Number, 22 

Occurrence. — Titanium was discovered b}^ Gkegor (1791), and 
independently by Klaproth (1794), but the metal itself in a state 
of reasonable purity ha^ only recently been pn‘])arcd. It is one 
of the most abundant of the metals, but though it is very widely 
diffused, ores rich in titanium arc uncommon, and until the recent 
increased demand for titanium they have not been worked on a 
very large scale. 

'Phe principal ores are rutile, an impure form of titanium dioxid(‘, 
found in North America and Norway, and ilmcfiitc, iron titanale 
with excess of titanium dioxide, found chiefly in the United States. 
Brazil, and Southern India. 

Uses. — In the fonn of fcrro-iiianiiim, an alloy containing some 
80 per cent of iron, titanium has long been used for the ‘ cleansing ' 
of steel, i.e. for the removal of oxygen and nitrogen. This demand 
is satisfied b}^ quite small quantities of titanium, but the develop- 
ment of titanium pigments has greatly increased the output. 
Titanium paint is made either from the dioxide or from barium 
titanate, and has a greater covering power than white lead, is 
non-poisonous, unaffected by light, and unchanged by impurities 
in the atmosphere. 

Compounds of titanium are also used as mordants in dyeing and 
in staining leather. The tervalent salts — the titanous compounds 
— are pow^erful reducing agents and are used in the dyeing industry 
as bleaches for removing the colour from goods that have been 
badly dyed — ‘ stripping,' as it is called. In the laboratory they 
are used in volumetric analysis. Titanium tetrachloride is used 
in smoke-screens. 

Extraction. — Ferro-titanium is made by two processes. If an 
alloy rich in carbon is required, ilmenite is reduced with carbon in 
the electric furnace. Ferro-titanium free from carbon is prepared 
by the Goldschmidt process. 

Man\' processes have been devised for the preparation of titanium 
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r,)mpoun(is. In the Monk-Irwin process ilmenite is ground up 
jiid heated in water-gas. The product is a mixture of iron and 
ilie dioxide of titanium, which is freed from iron by treatment with 
dilute sulphuric acid. The dioxide is then converted to the sulphate 
hy fusion with sodium hydrogen sulphate, and the product is dis- 
solved in water to form a solution from whicli fairly pure titanium 
dioxide can be precipitated by boiling. In the American process 
ilrnenite is dissolved in hot sulphuric acid, and the ferric salts are 
then reduced to the ferrous condition. Titanium dioxide can then 
]»e precipitated from the solution by boiling it. 

Titanium Compounds. — In its compounds titanium resembles 
silicon, but it is much more metallic and its compounds are more 
salt-like, while the titanates are less stable than the silicates. 
Silicon is never tervalent, but titanium has a well-marked series 
{»! tervalent salts, which give a violet ion Ti‘” in solution, and which 
somewhat resemble the tervalent compounds of the neighbouring 
element vanadium. 

The compounds in which titanium is quadrivalent arc the most 
stable, but they can be reduc(*d by strong reducing agents to the 
tervalent com])ounds, in which the metallic character of titanium 
IS most clearly shown. By continuing the reduction compounds 
of bivalent titanium can be obtained, but these are very unstable 
and liberate hydrogen from water, while some of them bum in air. 

Metallic titanium.— The hard, very brittle metal obtained by 
reducing the tetrachloride with sodium is finely powdered, and, 
mixed with iodine, is placed in an evacuated chamber heated to 
about 200” and traversed by tungsten filaments electrically heated to 
looo"'. On these the lirst-fonncd and volatilized tetraiodide is 
locally dissociated, and rods of metal develop round the filaments. 
As the rods thicken the heating current is increased to maintain the 
temperature. The process amounts to a distillation of titanium. 
S(^ prepared the metal is freely malleable and ductile. When heated 
to a fairly high temperature in air, it burns to form the dioxide 
TiOg, and at 800° it will also combine with nitrogen with incandes- 
('t‘iice to form titanium nitride, TiN, Titanium reacts with the 
halogens and the gaseous halogen acids to produce the tetrahalide.s, 
but in hydrochloric or sulphuric acid it liberates hydrogen and 
dissolves to fomi a violet solution which contains the tervalent ion 
Ti‘" and is slowly oxidized by the air. 

Oxides. — Titanium monoxide, TiO, is made by heating titanium 
dioxide with carbon in the electric furnace (compare the preparation 
of silicon monoxide). It is weakly basic. 

Titanium sesquioxide, TigOg, is obtained by reducing the dioxide 
with hydrogen. When caustic alkali is added to the solution of 
a titanous salt such as TiClg, a reddish-brown precipitate of the 
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hydroxide Ti (011)3 is thrown down. It dissolves in sulphuric acid 
to Rive a violet solution of titanous sulphate, 112(504)3. 

TUanium dioxide, TiOa, the most stable oxide of titanium, occurs 
in an impure form in nature as rutile. It may be precipitated 
from titanic solutions by alkalis, or from solutions of titanates 
simply by boiling them (hydrolysis). At low temperatures the 
precipitate may consist of the tetrahydroxide Ti(0H)4, sometimes 
called orthotitanic acid, but X-ray diffraction fails to reveal any 
definite hydroxides of titanium. It can be converted to the dioxide 
by strong heating. 

Titanium dioxide is produced when titanium burns in air or 
oxygen, and can be reduced to the metal only witli the greatest 
difficulty, in which it resembles silica. It is amphoteric and when 
in the hydrated form will dissolve in acids to produce titanic 
compounds, probably giving rise to thii colourless titanyl ion TiO”, 
and in alkalis to produce the titanates, whose characteristic ion 
is 'fiOa" or some more com])lcx form. Titanic acid is so weak that 
the solubility of titanium dioxide in aqueous alkalis is very limited, 
and the titanates are best prepared from the dioxide and fused 
alkalis or carbonates. Like silicic acid, titanic acid can in solution 
exist only as a colloid, and is precipitated from solutions of titanates 
on boiling. 

The titanates are often found associated with the silicates: cnlcium 
titanatc occurs in the Ural Mountains, and ferrous titanate, FeTiO.p 
is the principal constituent of the mineral ihnenite. As a typical 
soluble titanate we may mention potassium metatitanate, 
K2Ti03.4H20, prepared from titanic acid and fused caustic potash: 

Ti( 0 H) 4 + 2KOH - K oTiO 3 +3H2O. 

It is a colourless hygroscopic solid, whose solutions have a strongly 
alkaline reaction from hydrolysis. 

Titanium trioxide or peroxide, Ti03, in the hydrated form also 
called pcrtitanic acid, is obtained as a ycUow precipitate by adding 
hydrogen ])eroxide to a solution of titanium disulphate, Ti(S04)2, 
m sulphuric acid and then neutralizing with ammonia. IVTore 
the ammonia is added the solution is orange and possibly contains a 
per-acid. Since solutions of titanium disulphale are obtained by 
dissolving the dioxide in sulphuric acid, the net change may be 
represented ; 

TiOrt TD202=^Ti03 -I-H2O. 

The orange-coloured solution is used as a test both for titanium 
and for hydrogen peroxide. The colour is destroyed by reducing 
agents, and the trioxide is a fairly powerful oxidizing agent which 
will liberate chlorine from hydrochloric acid. 

Titanium nitrides. — At a high temperature titanium will burn 
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in nitrogen to produce a nitride, and if titanium dioxide is reduced 
III ammonia gas the oxygen can actually be replaced by nitrogen, 
a very unusual reaction: 

GTiOaH 8NH3=r)TiN+i2H20 l-No. 

At lower temperatures the nitride of titanium is hydrolysed by 
',\'ater with the formation of titanium oxides and ammonia. It is 
i;old(m-brown in colour, and as hard as diamond. 

Halides. — The ieirahalides . — These are th(‘, most stable halides 
of titanium. The tetrafluoride T1F4.2H2O is a (‘olourless hygro- 
scopic solid of definitely salt-hke character wliicli readily forms 
( lanplexcs, called fluotitanates, with other fluorides: 

TiF4+2F=-Tih/. 

The fluotitanates are stable compounds which recall the fluo- 
silu'ates, and, like potassium lluosilicate, potassium fluotitanate 
IS only slightly soluble in walcT. 

'I'hc tetrachloride TiCl4 is one of the most important compounds 
r)f titanium, and is obtained by the action of chlorine on the metal 
or on a mixture of its oxides with carbon (compare aluminium), or, 
better, by heating the dioxide in the vajxair of carbon tetrachloride: 

TiO^+CCU-TiCU I CO.. 

it is a liquid boiling at and as it can be thoroughly purified 
has been used in the detennination of the atomic weight of titanium. 
In its behaviour with water it is intermediate between the tetra- 
chlorides of silicon and tin; the reaction gives out much heat, but 
hydrolysis is not complete and an equilibrium is set up between 
titanyl ions TiO” and the products of hydrolysis, of which the final 
^tage is the formation of TiO/'", the orthotitanate ion. On boiling 
the solution hydrolysis is complete, unless there is a large excess of 
hydrochloric acid. 

The tetraiodide TiT,j readily burns in air, forming titanium 
dioxide and iodine; 

T il4TG2^T iO.>d 2 I 2 j" • 

The irihaliihs are not much less stable tlian the tetrahalides and 
are the most definitely salt-hke compounds of titanium. When 
a hydrochloric acid solution of titanium tetrachloride is reduced 
with aluminium or elcctrolytically, a violet solution is produced 
which contains iitanium trichloride, TiClg. The anhydrous salt 
lorjns violet crystals, which are hygroscopic and which, like their 
solutions, are readily oxidized and decolorized by the air. Titanous 
chloride solutions are powerful reducing agents. The oxidation 
l^jotential of Ti'’’/TiO’' is (in N~acid) +o-io volt. They will 
precipitate copper, silver, gold, or mercury from solutions of their 
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salts, reduce nitrates to ammonia, perchlorates and chlorates to 
chlorides, chromates to chromium salts, etc., and are now used to 
an increasing extent in the titration of ferric salts, which they 

reduce to ferrous salts, with 
ammonium thiocyanate as in- 
ternal indicator: 

*I 1 -|-Ee ~|~DoO-'’‘ 

TiO*‘+Fe'*+ 2H‘. 

They arc also used in the titration 
of organic nitro-compounds, which 
Ihey reduce to amines. As th(^ 
solutions arc oxidized by the air 
they must be stored under hy- 
drogen. as shown in the diagram. 
Nowadays titanous chloride is 
usually replaced by titanous snl- 
]diate, obtained by the electrolvtic 
reduction of a solution of titanium 
dioxide in sulphuric acid. In 
either solution (‘xcess of acid must 
be present to ])revent hydrolysis. 
I'lG. 127. Sioinc.i.' OF Tuanous TiUmous hromulc, is pro- 

CuLcaomu boLuiioNs diiced together with the dibromidt* 

I'iBr., when titanium is carefully 
heated in hydrogen bromide gas. These compounds are decomposed 
at higher temperatures, the final pioduct being the tetrabromide : 

2l'iBr3=TiBr2+TiBr4. TiBro^Ti-f-TiBr^. 

The dihalidcs are very unstable compounds obtained by reducing 
the trihalides with hydrogen: 

2TiCl3 d-IIo -2TiClo +2HCI . 

Titanium dichloride hisses violently when brought into contact 
with water, and liberates hydrogen from it: 

TiCl..+4H.20-Ti (01 1)^-1 2HCl-fH2 f • 

It also burns in air, forming the dioxide and the tetrachloride: 

2 TiCl 2 d' Oo =Ti 02 +TiCl 4 . 

Sulphates. — The disulphate Ti(S04)2 is obtained in solution by 
boiling the hydrated dioxide with sulphuric acid. When electro- 
lytically reduced it yields the violet solution of titanous sulphate, 
'112(804)3, in sulphuric acid used in volumetric analysis. 


Hyd rogen 




GROUP IV 


593 


Zirconium and Hafnium 

Zr=9i-22; atomic number, 40. Hf --178*5; number, 72 

Zirconium and Hafnium. — These elements arc separated in 
lae Group IV list (p. 556) by cerium, but they resemble each other 
-o closely that they will be treated together, while cerium and 
'Ijorium, which also resemble each other, will be discussed in the 
n' Xt section. 

Zirconium was discovered by Klaproth in 1789 in an investiga- 
1ion of the mineral zircon, from Ceylon, and was considered a very 
lare element until 1892, when a new mineral, haddeleyite, from 
brazil, was found to contain some 90 per cent of the dioxide. In 
spite of this discovery zirconium may still be regarded as one of 
llie scarce elements, as it is very little used in commerce and only 
small quantities of the ore are extracted. 

Impure zirconia (zirconium dioxide) is also found in Norway, 
*irul is contained in the precious stone called jargon found in Ceylon. 
The zirconia of commerce is, however, nearly all obtained from 
haddeleyite, which is finely ground and extracted with boiling 
in'drochloric or sulphuric acids, which remove most of the iron 
and titanium with which the zirconia is associated. 

The credit for the discovery of hafnium was the subject of a 
controversy into which we need not enter. Ui^bain claimed that 
the new element was the same as an element which he identified in 
iQTi and named ccltinni, W'liereas the credit is generally assigned to 
Coster and Hevesv, who published their work in 1923 and were 
certainly the first to pre])are and investigate hafnium compounds. 
I he name is derived from Hafnia, the Roman name for Copenhagen. 
The conclusive evidence for the existence of the new element was 
its X-ray spectrum, which proved that its atomic number must 
1)0 72 and that its place must therefore be among the elements of 
Group IV. The metal has since been shown to be rather less 
rare than was at first supposed, and accompanies zirconium in 
most of its ores, sometimes to the extent of nearly 30 per cent. 

The close resemblance between element No. 72 and zirconium 
was predicted by BoilR, on the basis of his theory of atomic structure 
(Chapter X), before the discovery of hafnium. He thus emulated 
the feat of Mendcleeff. 

Zirconium cornjiounds have not as yet attained much commercial 
importance. The dioxide Zr02 resembles silica in having a very 
low coefficient of expansion, and is even more refract oiy; it is 
therefore used to a limited extent in the manufacture of crucibles 
tor high-temperature work and for furnace linings. Zirconium has 
a fairly high atomic weight and hence a high absorbing power for 
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X-ravs, and as its compounds are non-poisonous they arc used 
for dc‘tijiing the intestines of patients requiring abdominal X-ray 
examination. The patient swallows a ]>rcparation of pure zir- 
conium dioxide, which casts a heavy shadow in the X-rav photo- 
graph. (Hismuth nitrate is more commonly used for the same 
purpose.) Hafnium has as yet no commercial use. 

Zirconium and Hafnium Compounds.— The very close resem- 
blance betwc‘en these; elements can be paralleled only in the 
iP'ighbouring raic-earth group, and was responsible for the long 
delay in the recognition of hafnium as a separate element. Their 
('ompoLinds can be separated only by the technique developed in 
the study of the rare earths, and fractional precipitation or 
crystallization is generally employed. The chemistry of hafnium 
compounds has not yet been exhaustively investigated. 

Both elements resemble titanium and silicon, and in the pre- 
dominance of quadrivalency they are mtermc'diate between the 
two, for while tervalent compounds of zirconium are known, they 
have not the stability of the corresponding compounds of titanium 
Zirconium is more metallic than either silicon or titanium, its oxide 
is more basic, its salts are less hydrolysi'd in solution, and it is 
distinguished by a greater tendency to ])roduce zircon vl compounds, 
containing the bivalent radical ZrO, which jierliajis also exists in 
solution as a bivalent ion. 

Metallic zirconium and hafnium. — In the preparation of these 
nadals the same difficulties are encountered as with titanium and 
the same method has been successful: the reduction of the tetra- 
chloride with sc^dium, followed by ‘ distillation ’ on to tungsten 
filaments (see p. 589). Tor these metals the chamber temperature is 
600"' and that of the filaments as high as 1800°. 

Zirconium is a hard white metal which will take a high polish: it 
can be worked as easily as copper. It dissolves with difficulty in 
acids, of which hydrofluoric acid or phosphoric acid are the most 
suitable. It will combine, though not very readily, with oxygen 
or nitrogen to form the dioxide or nitride, or with the lialogens to 
form the tetrahalide 

Oxides and hydroxides. — Only the dioxide and its hydrated forms 
are important. It can be obtained either b}’' purification of zir- 
conium ores, or by burning the metal in oxygen, or by precipitating 
zirconium salts with caustic alkali either as orthozirconic acid, 
Zr(OH)4, or as metazirconic acid, ZrO(OH)2. It is amphoteric, 
and will dissolve in acids to give the quadrivalent zirconium salts, 
or m fused caustic alkalis to give the zirconates: 

Zr 02 -f 20 H'=Zr 03 ''+H., 0 . 

Its solubility in aqueous solutions of the caustic alkalis is only 
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flight, and the zirconates, as salts of a very weak acid, are strongly 
hydrolysed in solution and have an alkaline reaction. In all these 
rc'spects zirconium dioxide resembles titanium dioxide: it cannot, 
in )\vcver, be reduced with hydrogen. 

Halides. — The tetrahalides are more salt-like than the corre- 
sponding compounds of titanium, and the lower halides are far 
ir ss stable and need not be considered here. 

'11 10 tefrachloride ZrCk^ is prei)ared by the two methods given 
tor preparing titanium tetrachloride, but it difiers trom this corn- 
})ound in being a crystalline solid which sublimes at 300°. When 
cidded to water it gives out much heat, but hydrolysis is not com- 
])]ete, the product being the soluble compound zirconyl chloride: 

ZrCl4+H,0-Zi0Cl,-| 2ll('l. 

Zirconium nitrate. — The normal nitrate cannot be obtained by 
dissolving the dioxide in nitric acid, as the soluble compound 
zirconyl nitrate, ZrO(NC);i)2, is produced. 11u* solutions are much 
[i^drolyscd and slowly dejiosit a basic nitrate. 

Zirconium sulphate. — llydrati'd zirconium dioxidci will dissolve 
in concentrated sulphuric acid, and from the solution crystals of 
the sulphate Zr{SO 4)2.11120 can be obtained by evaporation, 
rhis substance dissolves freely in water to form a solution with 
peculiar properties; it does not respond to the tests for the quadri- 
valent zirconium ioji Zr“', and th(^ molecular weight of the solute, 
as determined by the freezing-point method, shows it to be disso- 
I lated into four ions. Moreover on electrolysis the zirconium is 
larried to the anode, wliich proves that it must be ])resent in the 
anion, but the nature of this aninn is still uncertain. 


CkRIUM and TH(.)K1UM 

Ce~iiO'i3; atomic mimber, 58. Tli— 232-05; atomic number, 90 

Cerium and Thorium. — In some systems of classifying the 
t'lements cerium and even thorium are included among the rare 
earths; but thorium is a normal member of the fourth group and 
cerium resembles it so closely that the elements are best considered 
together in this group. 

Cerium was discovered in 1803 in a mixture of rare earths, but 
thorium was not identified until 1824 (Berzelius). For sixty 
years they were among the rarest and least important of the known 
elements, but in 1885 Auer von Welsh ach invented the incan- 
descent gas-mantle, and thorium and cerium immediately became 
of commercial importance. A hurried search was at once instituted 
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for sources of supply beyond the scanty deposits of thorium- 
containing minerals in Norway, and a rich deposit of monazitc 
sand, containing about 5 per cent of thorium as phosphate and the 
less important cerium phosphate, was discovered on the coast of 
Brazil, and remains to this da3^ the largest source of thorium 
compounds in the world. For a time thorium rivalled coal and 
oil as the object of international intrigue, and the control of the 
industry passed largely into German hands, but since that date 
deposits have been found at Travancorc (in the south of India) 
and elsewhere. 

In all these deposits thorium is associated with cerium and the 
rare earths: the thorium is extracted and the residues are the only 
important source of the rare earths, for which in recent years U 
has been possible to find some small commercial use. The liglilei 
and worthless parts of the mineral arc first washed away by air 
or water while the mineral is shaken on vibrating tables, and som(‘ 
kind of magnetic separation is then etfected, as the thorium and 
rare-earth minerals are attracted to a slight extent by a magnet. 
The separated material is then shipped to the place of treatmem, 
where the thorium is extracted. Since the properties of thorium 
much resemble those of the rare earths, this is a difficult matter. 
The phosphates are first dissolved in hot concentrated sulphurii’ 
acid, the solution is diluted, and insoluble impurities arc removed 
The solution is then cautiously neutralized. Thorium is the most 
basic of all the metals present, hence practically the whole of it is 
contained in the first fractions of the phosphate precipitate. Th('se 
fractions are then fused with sodium carbonate and extracted with 
water, which dissolves sodium phosphate and leaves the insoluble 
thorium dioxide behind. This residue is again dissolved in sulphuric 
acid and the thorium separated by one (or more) of three processes : 

(i) Fractional crystallization of the sulphates. 

(ii) Addition of excess of an alkaline carbonate: thorium remains 
in solution as a complex carbonate while the rare earths 
are precipitated. 

(iii) A similar process involving a complex thorium oxalate. 

The thorium is then precipitated as the dioxide and converted to 
the nitrate, Th(N03)4.4H20, which is sold to the mantle manu- 
facturers. The residues from these processes, when it is no longei 
profitable to extract thorium from them, are worked up lor cerium 
and sometimes for other rare earths. Mesothorium (p. 310) is 
also obtained as a by-product. Mixed with zinc sulphide it is 
used on the dials of luminous clocks and w^atches. 

The Incandescent Gas-mantle. — Before 1885 coal-gas was burned 
without an air-supply at the jet, and the luminosity of the flame. 
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wrak as it was, was chiefly due to the unsaturated hydrocarbons 
uostlv ethylene) present in the p^as. Von Welsbach found that 
.1 cotton mantle heated by a gas-jet gave out a feeble light which 
was greatly intensified if thorium dioxide had been deposited on 
rt. In an effort to secure the best results he purified the thorium 
(ompound used for this purpose, but discovered that purification 
K (luced the intensity of the light. The effect was traced to cerium, 
jiid von Welsbach's best mixture, which contained 90 per cent 
iliorium dioxide and i per cent cerium dioxide, has never been 
improved on, and is still in use on the diminishing number of gas- 
mantles that arc consumed every year. 

The fabric of the early mantles was made from cotton or ramie 
libre, but artificial silk is now largely employed. The mantle is 
soriked in a concentrated solution of thorium nitrate (with i per 
cent cerium nitrate and various strengtheners), wrung out, dried, 
and heated in a gas flame, which converts the nitrates to oxides 
and also causes the mantle to shrink. It is further strengthened 
by soaking in collodion, and is tested in a machine which 
administers up to six hundred shocks a minute to the support. 

Uses of cerium. — Von Welsbach also discovered that certain 
alloys of cerium with the rare earths, when struck with hard steel, 
gave off sparks which could be used to light gas or petrol. He sold 
his invention for £ 30 , 000 , and the various alloys, such as ' Auer ' 
metal, or ‘ Mischmetal,' are used in automatic gas-lighters and in 
cigarette-lighters. The pyrophoric properties are improved by the 
addition of some 35 per cent of iron to the alloy, which is made 
by electrolysis of the fused chlorides of the rare-earth metals, and 
in which some two hundred tons of rare-earth oxides are consumed 
])er annum. Pyrophoric alloys are also attached to shells to define 
their flight; the friction of the air raises them to incandescence 
soon after leaving the gun. The only other industrial use of 
cerium of any importance is the preparation of electrodes for arc 
lights: the luminosity of carbon electrodes is improved by soaking 
them in a solution of cerium fluoride. 

Cerium and Thorium Compounds. — The chemistry of thorium 
IS simpler than that of any other element in the fourth group, 
partly because in nearly all its compounds it is quadrivalent, and 
partly because it is the most metallic member. The oxide is not 
amphoteric and shows slight tendency to complex formation, but 
die thoryl ion ThO", recalling the zirconyl ion ZrO’*, occurs very 
Irequently. The quadrivalent compounds of cerium resemble those 
')f thorium, but are very much less stable, and cerium is most 
'table in the tervalent condition, as are all other members of 
the rare-earth family. The change Ce*"' +electron^^Ce‘'' is 
asily reversible and is used in volumetric analysis (see ceric 
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sulphate); in this reaction cerium resembles titanium and is the 
only rare-earth element to display a well-marked valency of four 
As is usual with the rare earths, the trihydroxide is a strong base, 
and the (tervalent) cerous salts are only slightly hydrolysed, 
whereas the tetrahydroxide is a weaker base than thorium hydroxide, 
and the ceric salts are considerably hydrolysed and have to be kept 
in solution by acids. The ceric ion is yellow, the cerous ion coloui- 
less. To its rare-earth character cerium owes the power of forming 
a normal carbonate (in which it is tervalent) : this distinguishes it 
from all other members of the subgroup. Metallic cerium is also 
the softest and most reactive metal of the subgroup and has by far 
the lowest melting-point. 

Metallic cerium and thorium. — Cerium is made by the electrolysis 
of a fused mixture of cerous chloride and fluoride. It is a soft 
grey metal, melting at 635®, which burns in air at it)o° with a light 
more intense even than that of magnesium, producing a mixture 
of the oxide and nitride. It liberates hydrogen from dilute acids 
and even from boiling water, and it combines with the halogens 
to form cerous halides. 

The electrolytic method has not been successfully ap])lied to 
thorium, whicli is made' by reducing the tetraclilorKle with sodium. 
It is an iron-grey j)owder, melting at about 1730°, which burns in 
air at a red heat. It will dissolve in acids but is unaffected by 
water: lieated in nitrogen it produces the nitride, ThgN^, and with the 
halogens thorium tetrahalules are formed. 

Ondes and hydroxides. — Cerous hydroxide, Ce(OH)3, and ceric 
hydroxide, Ce(OH)4, are precipitated when caustic alkalis are added 
to solutions of cerous and ceric salts: the former is white, the latter 
yellow. Cerous hydroxide is readily oxidized by the air to the 
ceric compound. Both hydroxides arc basic and dissolve in acids, 
but not in alkalis, to give colourless or yellow solutions respectively. 

Thorium hydroxide, Th(OH)4, is obtained in a similar way. No 
lower oxide or hydroxide is known. It is soluble in acids but not 
in alkalis. The anhydrous oxide ThOg has been used on the 
commercial scale as a catalyst for gas reactions. 

Both cerium and thorium precipitate peroxides, Ce03.7/Hj>0 and 
ThOa.whL^O, when solutions of their salts are treated with hydrogen 
peroxide. 

Halides. — Since the oxidation potential of the reaction Ce’”*->Ce ” 
is sufficient to discharge all the halide ions except fluorides, the only 
tetrahalide of cerium is the fluoride CeF4. 

Cerous chloride, CeClg, is made by heating the oxide in the vapoui 
of carbon tetrachloride, and is a colourless solid melting at 850°, 
and soluble in water to give a nearly neutral solution. Ceric oxide 
will dissolve in hydrochloric acid only if a reducing agent is present. 
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:ina ceric chloride is unknown, but ceryl chloride, CeOClo.ioHgO, 
has been prepared. 

Thorium tetrachloride, ThCl4, is prepared from the oxide by the 
methods used for the chlorides of titanium, zirconium, and cerium. 
riioryl chloride, ThOClg, is an intermediate product of the reaction. 
Ihc tetnichloride is a very hygroscopic solid of high melting-point 
and unmistakably salt-like character: it is insoluble in most organic 
soU'ents and is ionized in water. 

Sulphates. — Cerom sulphate, Ce^(S04)3, is obtained by dissolving 
;he trihydroxide in sulphuric acid. When ceric oxide is boiled with 
umcentrated sulphuric acid a deep yellow powder is obtained — 
u'vic sulphate, Ce(S04).^ — readily soluble in water. The solution, 
which should contain tree sulphuric acid to prevent hydrolysis, is 
deep yellow in colour and is finding an increasing use in volumetric 
analysis: in colourless solutions no indicator is required. The 
solution has an oxidizing potential (+1*6 volts) about equal to 
that of potassium permanganate, and it has the advantages that 
it is stable and that it can be used in dilute (though not in con- 
centrated) hydrochloric acid. Its principal use is in tlie oxidation 
of ferrous to ferric ions, which gives exact results: 

Ce’" +Fe’* = Ce‘“-|‘Fe‘*’. 

Thorium sulphate, Th(S04).^, is prepared from the dioxide and 
sulj)huric acid and is very soluble in water. The solution has a 
slight acid reaction trom hydrolysis, and if titrated against a strong 
base with phenolphthalein gives an end-point corresponding with 
the formation of thoryl sulphate, Th0S04: 

Th *' d 20H'=Th0”H-H,0. 

Nitrates. — Ceric nitrate is unknown; the cerous compound, 
(>(>103)3. GHgO, is obtained from the trihydroxide and nitric acid. 
Thorium nitrate, Th(N03)4.i2ll20, is made from the dioxide and 
nitric acid; thorium comes into commerce in this form. 

The radioactive properties of thorium have been described in 
Chapter X. 


Subgroup B 

Germanium, Tin, and Lead 
Germanium 

Ge=72'6. Atomic Number, 32 

Occurrence. — In i88b Winkler analysed a recently discovered 
mineral, argyrodite, from Saxony, and was unable to make his 
analysis total correctly: he found 93 per cent instead of 100 per 
cent. The discrepancy was proved to be due to the presence of 
u 
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a new element which he called germanium: argyrodite is a double 
sulphide of germanium and silver, 4Ag2S.GeS2. 

In many respects germanium is intermediate between silicon 
and tin, and its properties were found to be in excellent agreement 
with the ])redictions of Mkndkleeff (p. 302). It also lias some 
r(^s(‘mblance with arsenic, though its compounds are not toxi('. 
It is the first definitely metallic member of tlie series C — Si — Ge— 
Sn— -Pb, and has a stable valency of four and a less stable valency 
of two. 'fhe bivalent gennanons salts are reducing agents which 
will bleach litmus and reduce chromates or permanganates. 

'ITaces of germanium have b(‘en found in many substances 
(including tlu* mineral water at Vichv), but few abundant sources are 
known, and the sujiplies of argyrodite are exhausted: it is therefon* 
one of the rarest of the elements. Residu(‘s from zinc smelting aie 
the chief present source. 1'he recent discovery of the uses ot 
germanium in electronic rectifiers and in the so-called transistors 
has much stimulatinl s('arch for sources and methods of extraction. 

Elementary germanium.^ -Germanium is made by heating the 
dioxide in hydrogen at poo"". So formed it is a light, very brittle 
element, inciting at 058^’, and with the diamond crystal structuni. 
It docs not readily dissolve in acids (except nitric acid), but will 
liberate hydrogen from fused caustic potash. 

Hydrides. — Germanium tetrahydride, GeH^, is a gas produced in 
poor yitid when germanium solutions are reduced with nascent 
hydrogen. It is decomposed into its clemtuits by heat, and n- 
sembles silicon tidrahydride, but is less stable. Compounds GcoH,. 
and Ge3Hji,, recalling the higher hydrides of silicon, are also known. 

Oxides and hydroxides. — Germanous hydroxide, Ge(0H)2, i^^ pro- 
duced as a yellow solid by the action of water upon germanous 
chloride. It is said to be amphoteric, and will certainly dissolve in 
acids to give germanous salts, but no convincing evidence has been 
advanced for the existence of germanites. On heating (in nitrogen) 
the hydroxide fields the black monoxide, GeO, which is readily 
volatile at joif, and for this reason is troublesome in reducing the 
dioxide to the metal. 

Germanic oxide, GeOg, is obtained by heating the low^r oxide in 
air, or by the hydrolysis of germanic compounds. It is a white 
powder nearly insoluble in water and is amphoteric, but the acidic 
character predominates. The position of germanium between tin 
and silicon is emphasized by the fact that its dioxide is dimorphous, 
one form being similar to cassiteritc, SnOo, and the other to quartz. 

Halides. — ^'Fhe tetrahalides are volatile covalent compounds, 
soluble in organic liquids but hydrolysed by water. The hydrolysis 
is, however, incomplete, and the halides are less hydrolysed than 
those of silicon. 
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Germanium tetrafluoride , GeF4, is a colourless fuming gas prepared 
by lieating barium fluogermanate, BaGcFg, to 700°. It boils at 
~ -15”. Barium fluogerrnanate is precipitated by adding a barium 
alt to a solution made from germanium dioxide and hydrolluoric acid. 

Germanous chloride, GeClg, resembles stannous chloride, but is a 
siionger reducing agent. 

( jcrmanochloroform, GeHCla, is prepared by passing hydrogen 
V iiloride over warm germanium. It is a liquid which is hydrolysed 
water to form germanous hydroxide. 

Sulphides. — Germanous and germanic sulphides can be precipitated 
bv liydrogen sulphide from germanous and germaiiic solutions. 


Tin 

Sn— 118-7. Atomic Number, 50 

History. — If, as has been suggested, the Latin stannum is derived 
trom stan, the Phoenician name for tin, the word was wrongly 
applied by the Romans, for tluar ‘ stannum ’ appears to have 
been an alloy. The Latin name for tin was plumbum candidum, 
i.e. ‘ white lead,' and in Roman times the metal is supjiosed to 
have been shipped from the Sciily Islands and Cornweill by Phoem- 
eian traders. The apparent similarity between tin and lead was 
tile cause of much confusion in anc'ient times, and it is frequently 
diflicult to decide which of the two metals is indicated when the 
single word plumbum is used. 

The use of bronze, which is an alloy of copper and tin, dates from 
jirchistoric timers, and was well established in ancient Egypt, 
Mesopotamia, India, and China. Its discovery was no doubt 
accidental, due to the smelting of a natural mixture of copper 
and tin ores; but early man soon discovered its composition, and 
tin ore deposits were then systematically exploited. The earliest 
definite records of tin- working in England are of the year iiq8. 
1 he tin was smelted twice, once near the tin field, and again — for 
refinement — at special places and in the presence of the officers of 
the Stannaries, e.g. at Bodmin, Lostwithiel, Truro, and Tavistock. 

The allot! opic modification of tin, known as grey tin, was first 
noticed by Aristotle (384-322 b.c.). 

Occurrence. — Tin is less abundant than its extensive use might 
lead one to suppose; less abundant, for instance, than titanium, 
"fhe only important ore is the dioxide SnOg, which occurs in an 
impure form as cassiterite tinstone, or black tin, in the Malay Penin- 
sula, Bolivia, Mexic.o, and elsewhere. The Malay Peninsula 
accounts for about a third of the world production. The tin mines 
f d Cornwall have been worked for centuries, but are now unimportant. 
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Extraction. — The ore is crushed, aud sand or earthy matter 
removed as far as possible by washing. The concentrated ore is 
then roasted, to convert arsenides and sulphides to oxides; the 
arsenic may be condensed from the vapours as arsenious oxide. 
After the roasting the ore is sometimes freed from iron and tungsten 
in a magnetic separator; this avoids losses by alloying at a later 
stage. The ore is then well mixed with anthracite and heated in 
a reverberatory furnace. The molten tin collects at the bottom 
and is run off and cast into blocks (‘ block tin ') which are about 
99*5 per cent pure. The slags arc usually worked up for tin in 
blast-furnaces. The metal can be refined by heating it on a sloping 
bed, from which the molten metal runs; it is then stirred with 
green wood and skimmed. 

Large quantities of tin are recovered from tinplate by electrolysis. 
The scrap tinplate is held in a wire basket and made the anode in 
a boiling solution of sodium sulphide, which is strongly alkaline 
by hydrolysis. The tin dissolves and is recovered from the solution 
in a state of purity by electro-deposition on a tin cathode. In an 
alternative method the scrap is expo.sed to chlorine gas, which 
converts the tin to the volatile .stannic chloride. 

Tin is used almost exclusively as the metal or in alloys. On 
account of its resistance to corrosion it is used in the manufacture 
of tinplate articles, which are made ot steel dipped in molten tin 
and then pressed between rollers. I'in is malleable enough to be 
pressed into foil, which is used for wrapping cigarettes, confectionery, 
etc. (‘ silver paper It is the best metal (excluding the platinum 
group or the precious metals) for use in stills for conduct! vity-water; 
it is quite unalfected by a mixture of air and water, even when the 
latter contains ammonia in solution. 

The alloys of tin arc of great commercial importance Pewter 
contains about 75 per cent tin and 25 per cent lead. Bronze, 
hell-metal, and gun-metal are alloys of tin and copper in different 
proportions. Tin amalgam is used in mirrors. Among the low- 
melting alloys solder is perhaps the most important; it may contain 
tin and lead in almost any proportions — pure tin, indeed, can be 
used for soldering. Most alloys with low melting-points, such 
as those used in linotype machines, contain tin and lead as 
ingredients. 

Properties. — Tin is a lustrous white metal which is not corroded 
by air or water. In hardness it is intermediate between lead and 
zinc. It is ductile, and can be pressed into foil or drawn into wire. 
The crystalline structure can be demonstrated by etching a tin 
surface with a mixture of concentrated hydrochloric acid and 
chlorine. If a bar of tin is bent, a faint sound called ‘ tin cry ' is 
‘ Much 'silver paper' is now made of aluminium foil. 
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lirard; it is believed to be due to the rubbing of the tin crystals 
t,»i;ether (but see Nature, 1932, passim). 

It has been mentioned on p. 261 that tin exists in two allotropic 
riiodihcations with a transition-point at 13°. A further allotrope 
( ailed y-tin exists above Tin melts at 232°. After some hours 

the molten metal becomes coated with a him of oxide, but does not 
])iini till lu'ated to 1500° or thereabouts. 

The standard electrode potential ol tin is — 0-14 volt; it dissolves 
I airly readily in acids to form stannous solutions. With dilute 
hydrochloric and sulphuric acids the action is slow, but rapid with 
the concentrated acids. With dilute nitric acid the products are 
Stannous and ammonium nitrates. With stronger acid the stannous 
nitrate is oxidized to hydrated stannic oxide, and with very con- 
u'ntrated acid a protecting layer of this substance is formed 
iniinediately and very little action takes place. Tin dissolves 
slowly in boiling solutions of the alkalis, forming stannates and 
liberating hydrogen : 

Sn-f 20 H'-i-H 20 =Sn 03 "-h 2 H 2 f • 

Tin Compounds. — Tin has two valencies, two and four, of which 
the latter is rather more .-.table, as the stannous coin])ounds are 
tairly strong reducing agents, at any rate in solution. This is an 
important diffeiencc between tin and lead. While the stannous 
compounds are salt-like in character the stannic compounds are 
largely covalent, though in water the hydrated stannic ion can 
exist. The acidity of the amphoteric stannous hydroxide, Sn(OH)2, 
IS intermediate between that of the distinctly acidic germanous 
hydroxide and the feeble acidity ot plumbous hydroxide, in which 
basic properties predominate. 

Hydrides. — Tin hydride, SnY^J^, is an unstable gas which can be 
prepared in poor vield by cathodic reduction of tin solutions. The 
gas is very ea.sily dissociated. 

Oxides and hydroxides. — Stannous hydroxide, Sn(OH)2, is obtained 
as a white precipitate by the action of alkalis on stannous solutions. 
If the solution is boiled the hydroxide loses water and is converted 
to black crystalline stannous oxide, SnO, which can also be obtained 
by heating the dry hydroxide in the absence of air. When heated 
in air stannous oxide evolves heat and is converted to stannic 
oxide; at a red heat it will reduce steam. The oxide and hydroxide 
are insoluble in water and ammonia solution, but will dissolve in 
acids to form stannous salts or in alkalis to form stannites: 

Sn0+20H'-Sn02"H- llfi- 

If the alkali is very concentrated a stannate and tin are slowly 
formed: 2SnO+20H'=SnO/+Sn i +Hp. 
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As might be expected, the stannitcs are reducing agents; they arc 
known only in solution. The solutions absorb oxygen from the 
air to form stannates ; 

28110/ -fOo-2SnO;'. 

and if they are boiled, tin is precipitated and a stannatc remains in 
solution : 

2SnO.;M ILp-SnOZ-bSii | +2OH'. 

Stannic oxide, SnOg, associated with varying amounts of water, 
is obtained as a white precipitate when stannic solutions are made 
alkaline, or by their spontaneous hydrolysis : 

Sn*"’ d ^HoOc^SnOo | +4H’, 

or by oxidizing tin with hot concentrated nitric acid. It is also 
precipitaled when stannous solutions are exposed to the air: 

2811’' 1 2HgO-fOg 281100 1 +4H‘. 

The anhydrous oxide can be made by burning tin in oxygen or air. 
In the finely-divided state it is used for making enamels ojiaque. 
The anhydrous oxide is insoluble in acids or alkalis, but on fusion 
with caustic alkalis or carbonates yields a soluble stannatc: 

8n02+20H'- 8nOo;+PIoO. 

The product obtained from stannic solutions is more reactive than 
that formed by oxidizing tin with nitric acid, and it was formerly 
considered that ' stannic acid ' could exist in allotropic forms. 
However, N-ray diffraction has failed to detect any essential 
difference between the products, which are both to be regarded as 
hydrated stannic oxide, no doubt with different particle size 
depending on the method of preparation. Stannatc solutions are 
hydrolysi^d: even carbon dioxide will preciiiitatc stannic oxide 
from tfiem : 

8nO./-|-2H' -81102! -fHgO. 

The stannates, which find use as mordants, occur in two series, 
exemplified by the salts K2Sn(011)fl and KoSnO^. 

Halides. — The hydrated stannous halides are ionic conqiounds 
with reducing properties, the stannic halides are covalent and are 
largely, if not entirely, hydrolysed by water. The action of the 
halogen on tin invariably produces the tetrahalide. 

Stannous chloride, 8nCl2. — Solutions of this compound are made 
by dissolving tin in hot concentrated hydrochloric acid. If exposed 
to the air the solutions absorb oxygen and precipitate stannic 
oxide, and hydrolysis also takes place on evaporation to dryness, 
with the formation of stannous oxide. To prevent hydroly.sis the 
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•,(j]ution for use in the laboratory as a reducinf^ agent is always ke])t 
add. The first product of evaporation is the dihydrate SnClo.2MjjO, 
uliich under the name of tin salt is used as a mordant. Tlie anhy- 
Irous chloride can be made by heating tin or stannous sulphide in 
Iiydrogcn chloride gas: 

Sn-| 2HCI SnCloTHg. SnS-f ^HCl — SnCL^H-IIgS. 

The anliydrous salt melts at 245° and boils at ()0()° (comj)are the 
covalent tetrachloride), and the vapour density shows evidence 
of slight association. 

Stannous chloride is extcnsiv^cly used as a reducing agent. It 
vill reduce chromates to chromic salts and permanganates to 
liianganous salts. With nitric acid hydroxylamine, NH/JH, can 
be obtained; indeed, this is one of Ihe methods of prej^aring hydro- 
\\laTnine, but the conditions must be carefully controlled. Stan- 
nous chloride will precipitate mercury, silver, or gold from solutions 
ol their salts (as in the ])reparation of tnirplc of Cassius), but on 
(he other hand can be reduced to metallic tin by such metals as 
/me, aluniinimn, or even lead. 

Solutions of stannous chloride for use in volumetric analysis 
must be kept under hydrogen to prevent atmospheric oxidaticai: 
tor this reason they aie not often used. When stannous chloride 
IS used as a reducing agent stannic chloride is produced. In the 
presence of a sufficient concentration of hydrochloric acid it will 
leniaiii in solution, but is otherwise hydrolysed and precipitated as 
dioxide or oxychloride. 

Stannic chloride, SnCl^, is prepared by burning tin in chlorine. 
If the metal is finely divided or in the form of foil the action takes 
place spontaneously. It can also be prepared by lu'.ating stannic 
oxide in carbon tetrachloride vapour (compare titanium, zirconium, 
olc.). It is a colourless liquid, freezing at —33° and boiling at 
1 14"^. Its volatility, solubility in organic solvents, and negligible 
electrical conductivity all point to a covalent character. On the 
other hand its aqueous solutions contain some chlorine ions, and 
the compound ap)pcars to ionize by combination with water: 

SnCl4+5H20vMSn.5H,0)-+4(T. 

fhe increase of size by hydration stabilizes the stannic ion (p. 341). 

The hydrolysis of stannic chloride is slow and reversible: it yields 
stannic oxide and hydrogen chloride: 

SnCl4+2H20;F^Sn02i +4HCI. 

The addition of hydrochloric acid to the soluthni reduces the 
hydrolysis not only by reason of its acidity but also by forming 
complex ions: 

SnCl,+2ClVSna6." 
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Ammonium clilorostannate, (NH4)2SnClc, was once used as a 
mordant lor madder dyes under the name of pink salt. The 
fuming of stannic chloride in moist air is due to hydrolysis. 

Slannojis iodide, SnL, is only slightly soluble in water and is 
pn^cipitated as a yellowish-red substance when iodide and slannou> 
solutions are mixed. It melts at 320°. 

Stannic iodide, Snl4, obtained from tin and iodine, which combine 
with vigour, melts at 144° and boils at 3.^0*^. It is soluble in organic 
licjuids and hydrolysed by water. 

Sulphides. — Stannous sulphide, SnS, is a dark brown or black 
precipitate obtained by the action of hydrogen sulphide on stannous 
solutions, or by heating tin and sulphur. 

Stannic sulphide, SnS2, cannot be obtained by the action of sulphui 
on tin, as this reaction produces the stannous compound, but can 
be made by heating a mixture of tin and sulphur with ammonium 
chloride. If heated too strongly it decomposes into stannous 
sulphide and sulphur. It is a bright yellow compound, formerly 
much used in the preparation of gold paint under the name of 
' mosaic gold.' It can be sublimed without decomi)osition. 

Thiostannates. — When stannous sulphide is treated with a con- 
centrated sulphide solution it dissolves to form a thiostannate, and 
tin remains. This may be com])ared with the action of concentrated 
alkalis on stannous oxide: 


2SnS-f S^^SnSg^-f-Sn \ . 

2Sn0-l-20H'=^Sn05,''4-Sn | +H2O. 


Stannous sulphide is completely soluble in ammonium polysulphide, 
with which it forms a thiostannate and other products: 


SnS -h S.2 " = SnSg L 

The same substance is produced when stannic sulphide dissolves 
in sulphide solutions: SnS. +S"— SnS " 


The solubility of stannous sulphide in polysulphide solutions is 
the basis of one method of separating tin from related elements. 
Stannic sulphide is reprecipitated from thiostannate solutions by 
the addition of acids: 


SnS3'-f-2H*-:SnS., | -f HgS t • 

Sulphates. — Stannous sulphate, SnS04, is obtained in solution by 
dissolving tin or stannous hydroxide in sulphuric acid, and in the 
free state by evaporating the solution under reduced pressure. 
The solution is hydrolysed, and readily deposits basic salts. 

Stannic sulphate is not known in the free state. Certain hydrated 
forms of stannic oxide can be made to dissolve in sulphuric acid, 
and by evaporation of the solution the dihydrate Sn(S04).^.2H20, 
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i}T perhaps HgfSnO. (804)0], is obtained. It is soluble in water, but 
the solutions soon deposit stannic oxide.- 
Nitrates. — Neither stannous nor stannic nitrate can be obtained 
fr('e from water of crystallization. If the hydrates are heated, 
!'\ drolysis takes place and oxides of nitrogen arc evolved. 


Lead 

Pb=207*2T. Atomic Number, 82 

History. — Lead has been known from very early times, and was 
called plumbum nigrum by the Romans to distinguish it fnjin 
plumbum candicUon, tin. The lead mines of Britain were worked 
as early as the first century A.D., and lead coffins of Saxon age have 
been discovered. Among the alchemists, lead was regarded as 
cl 11 imperfect metal — composed of an earthy sulphur and an un- 
digested mercury — and was known as Saturn, on account of its 
suj)posed sympathy with the qualities of the celestial Saturn. 

Occurrence. — Though not abundant, lead occurs in many different 
])aris of the world, chiefly as galena, an impure form of lead sulphide, 
P 1 )S, though sometimes as the oxide or carbonate. It is often 
associated with silver, and silver is recovered from lead residues 
(P- 

The United States, Mexico, and Spain are, in that order, the 
world’s principal producers of lead. Many mines previously 
worked in England and Wales have long been abandoned, and the 
disused workings are familiar features of the countryside in parts 
of Yorkshire and other counties of the north and west. 

Extraction. — Galena is roasted until the lead sulphide has all 
been converted to lead oxide fir lead sulphate. The resulting 
inixtuie is then heated with more galena in a re.stricted .supply 
of air, and sulphur dioxide is given off, leaving lead, which collects 
at the bottom of the furnace in the molten state and is run off: 

PbS-h2PbO=3Pb+SO, t and PbS+PbS 04 = 2 Pb-f 2SO2 f • 

In a modification of the process, the roasting of the galena is made 
to yield principally the oxide, which is then reduced with coal: the 
slag from the first process is sometimes treated in this way. 

Properties. — Lead is a bluish-grey metal, lustrous when freshly 
cut, but rapidly tarnishing in the air. When quite pure it has no 
bluish tinge, and lead which has been distilled in a vacuum keeps 
its lustre indefinitely as long as air is not admitted. It is the 
densest of the common metals, and has a comparatively low melting- 
})oint (327°h not so low, however, as that of tin. It boils at about 
1550°. It is soft and malleable, and can be rolled into thin sheets 
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(lead foil) or squirted into piping. It can easily be obtained in 
the form of large crystals by elcctro-dcposition or by slow cooling 
of the liquid. Lead will mark paper; ‘ lead ’ pencils, however, 
contain not lead but graphite. 

Owing to the ease witli which thick slieets of lead can be rnani- 
pulatod they are much used in roofing and in making cisterns and 
rain-water pipes. Lead is only suj)erficiallv oxidized by air and 
water, but drinking-water must not be earned in lead pi])cs if it is 
below a certain degree of hardness, as it may then dissolve dangerous 
quantities of the metal. Lead is also used in sulphuric acid con- 
tainers and in accumulators. The alloys of lead include solder, 
pewter, and the various type-metals; bullets are made from an 
alloy of lead and nickel. Lead oxide and lead carbonate are used 
in paints and glazes, and lead tetraethyl. Pb(C2H5)4, is added to 
petrol as an ' anti-knock.’ 

Lead Compounds. — Lead, like tin, has valencies of two and fmr, 
but in its bivalent compounds it is clcctrovalent, in its quadrivalent 
compounds usually covalent; there is no quadrivalent lc‘ad ion. 
riumbons hvdroxido is a stronger base than stannous hydro\idf' 
and a weaker acid, nevertheless solutions of lead salts have a feebly 
acid reaction from hydrolysis. The bivalent compounds of lead 
have no reducing properties. Lead also differs from tin in the 
insolubility of its halides and sulphate (but see stannous iodide), 
and in being rather more electropositive. It will displace tin from 
its solutions. The oxides of tin and lead arc also very diffenuit. 
and lead dioxide is the least stable of the dioxides of all the Group IV 
elements; it is a strong oxidizing agent. 

Lead compounds are poisonous, and when taken in minute doses 
remain in the body; lead is therefore a cumulative poison. Workers 
in lead mines and in factories where lead is used have in the past, 
and even in the present day, suffered much from lead-poisoning, 
but the prevalence of poisoning is now much reduced by the use of 
dust-collectors. For centuries lead oxide was used to remove the 
acidity of wine which had become sour, until in the seventeenth 
century the danger of the practice was recognized. Mellor tells 
us that a cabman whose first glass of beer every morning at a public- 
house was drawn from that which had been standing in lead pipes 
overnight finally suffered from lead colic. 

Lead is probably the only element, other than hydrogen, whose 
isotopes are known to be partially segregated in nature (p. 318). 

Lead combines with the halogens less readily than does tin, and 
is then converted to bivalent compounds. It is scarcely affected 
by hydrochloric or sulphuric acids in the cold, but will readily 
reduce hot concentrated sulphuric acid to sulphur dioxide. It 
also dissolves readily in hot dilute nitric acid, yielding oxides of 
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I ifrogcn, nitrogen, and sometimes ammonium nitrate. Witli 
< »ncentrated acid the action is less rapid, as a lilm of lead nitrate, 
iTi.oliible in concentrated nitric acid, protects the metal from attack. 

Lead hydride, PbH^, has been obtained in minute yield by an 
roly tic reduction process. It is a very unstable gas (b.]x — 13 '). 

Oxides and hydroxides. — Lead monoxide, litharge, PbO. When 
,171 alkali is added to solutions of lead salts, white It^ad hydroxide, 
bh{OII)2, associated with varying amounts of water, is precipitated; 
!iii i)oiling the solution it loses water and is converted to the yel- 
low ish-red substance litharge, PbO. The oxide can also be made 
in’ the slow atmospheric oxidation of molten lead, or by heating 
ic.ei nitrate: 

2Pb(N0,)2---2Pb0+2N204 1 +0, t . 

It js practically insoluble in water, but when moist has an alkaline 
icaction to litmus. It is readily soluble in acids, forming lead 
salts, and is also soluble in hot alkaline solutions in which iilumbites 
might be supposed to exist: 

PbOH 20 Tr=Pb 0 /H HoO. 

Although their existence in solution has commonly been assumed, 
it is remarkable that no examples of salts of sujiposed stannous or 
()lumbous acids have yet been isolated, h'ormiilae assigned to them 
ai(‘ tliercfore speculative. 

Lead sesqiiioxtde, Pb203.3H.^0, is precipitated Irom solutions of 
lead salts by solutions of hypochlorites: 

2Pb C 10 '-Pb 203 | +Cr-f- 2 H 20 . 

It IS a yellow substance which in its behavioui with acids resembles 
<1 mixture of the monoxide and dioxide. 

Tripl limbic tetroxide, red lead, Pb304, is obtained by heating 
litharge in the air above 400'', though the piroduct of this process 
may not have the exact composition indicated by the formula. 
It IS a bright red substance which occurs native in small quantities, 
and has long been used as a pigment. X-ray analysis proves it to 
be an association of PbO and PbOg. It darkens on heating but 
regains its colour on cooling. 

Lead dioxide, lead peroxide, PbOg, is obtained from red lead and 
nitric acid (Pb304+4H’=2Pb"-f PbOa | ';-2H20), or by the action 
of hydrogen peroxide on alkaline lead solutions, or by oxidizing with 
a halogen litharge suspended in dilute alkali. It can easily be 
prepared quantitatively by anodic oxidation of lead solutions. It is 
black or brown in colour and is insoluble in water. 

It is a powerful oxidizing agent and is easily reduced by hydrogen 
on gentle heating, first to litharge and then to lead. On heating 
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with hydrogen chloride, in the free state or in solution, chlorine, 
plumbous chloride, and water are produced: with hot concentrated 
sulphuric acid, plumbous sulphate and ox3^gen. Lead dioxidt' 
reacts with easily oxidizable substances like sulphur, ])hosphorus, 
or sugar with incandescence or explosion. 

Lead dioxide may be regarded as the anh3Tlrid(' of orthoplumbic 
acid, H.^Pb(OH)f,. It is only slightly soluble in alkaline solutions, but 
when fused with caustic j)otash forms a plumbate soluble in water, 

PbOo-} 2KOH -KoPbO,,+H.O. 

On dissolving the plumbate in concentrated alkali, and crystallizing 
by careful evaporation, thv. salt KoPb(OH)^, is obtained, which 
at ITO^^ reverts by the loss of watiT to the anhydro-]>lurnbate 
KoPbOg (cf. p. 604). The plumbates readily deposit lead dioxidt' 
formed by hydrolysis, and on hc<itiiig lose oxygen. 

The use of lead dioxide in accumulators has already been 
described (p. 269). 

Lead carbonate, PbCOg, occurs in nature as lead-hpar or cemssiie. 
Sodium carbonate precipitates a basic carbonate, white lead, 
2PbCO3.PbO.H2O, from lead solutions, and to obtain the normal 
carbonate a less alkaline solution must be used; a solution of 
sodium bicarbonate is suitable: 

Pb* ' + 2 HC 0 y'=PbC 03 1 -1- H., 0 -f COg. 

White lead is of great commercial importance and when ground 
up with oil is used as a paint. The (jbject ot the various jirocesses 
for making it is to reduce the size of the particles as much as 
possible. Metallic lead is exposed to the action of acetic acid 
vapour and carbon dioxide. The function of the acetic acid is 
probably to get the lead into solution without decomposing the 
basic carbonate. In the modern chamber process the lead is 
suspended in sheets from the ceiling of a chamber, kept at 70°, 
into which the mixed gases are admitted. After two months 
the whole of the metal has been converted to white lead. A better- 
quality white lead is made by the long-established Dutch process. 
A little dilute acetic acid is placed in earthenware pots, which are 
covered with perforated lead sheets and piled in stacks with decaying 
tan between them. The fermentation of the tan produces heat 
and carbon dioxide, and after three or four months the process is 
complete The product of either process is crushed and ground. 
Electrolytic processes are also used. 

White lead paint has two serious defects: it is poisonous, and in 
the air of towns, which contains hydrogen sulphide, it blackens 
owing to the formation of black lead sulphide. 

Halides. — Lead forms stable bivalent halides which are ordinary 
salts. They are only sparingly soluble in water, and are much more 
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^nlnblc in hot water than in cold. Lead tetrachloride, an unstable 
\rllow liquid, is the only certainly known tetrahalide of lead. The 
fi'trabromide and tetraiodide could not exist, owing to the high 
<i\i(li/ing potential of quadrivalent lead — ca.— 1*7 v.). 

Pluinhoiis Jiuonde, PbFo, is obtained as a colourless prccijutatc 
from a lead solution and a soluble fluoride. 

Plumbic fiuoyidc, PbF^, has not been isolated, but the yellow anion 
can be obtained in solution by the action of very concentrated 
hydrofluoric acid on lead dioxide: 

PbO.,+()HF.-"PbIV-i 2H2O 1 2H'. 

1 he action is reversible, and on adding water to the solution the 
dioxide is ])recipitated. Py dissolving scjdiuni plumbate, TsIa.jPbOy, 
in hydrofluoric acid a stable sodium fluoplumbate, NagPbh'o, can 
hr obtained' coinjiare the analogous compounds of silicon, titanium, 
and tin. 

Pb03" 1 (iHF-PblV'-h 3H2O. 

C'oin])ounds of quadrivalent U'ad apjiear to be stabilized when the 
lead can complete a covalency of six. 

iHumlmiis chloride, PbCl^, is obtained from hydrochloric acid and 
liie oxide or carbonate, or by precipitating a lead solution with a 
soluble chloride. It is a colourless conqiound and can be recrystal- 
h>('d from boiling water. One hundred grams of water dissolve 
3*3 grams at too"' and 07 gram at 0°. 

Plumbic chloride, PbCl4, is bi'st pre])ared from the stable salt 
nmmonium chloroplumbate, (NH4).2pbrip, which is obtained as a 
\ ellow precipitate by adding ammonium chloride to a cold solution 
of lead dioxide in concentrated hydrochloric acid: 

Pb02+4H+6Cl'=PbCl6'+2H.p. 

When the ammonium salt is treated with well-cooled concentrated 
sulphuric acid, lead tetrachloride separates as a yellow oily liquid 
freezing at —15°: 

PbCl/+2H =PbCl4+2Ha f. 

It IS a non-conductor of electricity, is soluble in organic liquids, and 
is hydrolysed by water to form lead dioxide and hydrochloric acid: 

PbCl4-f 2 H ,0 - PbO.,+ 4HCL 

It readily decomposes into plumbous chloride and chlorine. 

Plumbous bromide, PbBrg, is obtained as a white precipitate by 
adding a soluble bromide to a lead solution. It is approximately 
as soluble as the chloride in cold water, but the solubility has a 
higher temperature-coefficient. 

Plumbous iodide, Pblj, differs from the other plumbous halides 
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in being bright yellow in colour and in being less soluble in water; 
it IS prepared by similar methods. 

Plumbous sulphate, PbS04, is a white substance almost insoluble 
in water. It occurs native as anglesite in Anglesey and elsewhere, 
having been produced by the oxidation of galena, PbS. It is 
prepared by the action of hot concentrated suli)huric acid on lead : 

Pb-f 2 H 2 S 04 =PbS 04 j +SO 2 1 + 2 H 2 O, 

or, together with lead sulphide, by the action of sulphur dioxide on 
molten lead: 

2Pb + 2SO2- PbSO 4 + PbS, 

or by precipitating a lead solution with dilute sulphuric acid. It 
has been used as a paint, as it is neither so poisonous as white lead, 
nor so readily blackened by hydrogen sulphide. 

Plumbic sulphate^ Pb(S04)2, is an unstable substance which has 
been prepared by anodic oxidation. It is hydrolysed by water. 

Plumbous sulphide, PbS, occurs native as galena, and is preci- 
pitated as a brownish-black substance by hydrogen sulphide from 
lead solutions, but when prepared from lead and sulphur is grey. 
Its reactions with lead oxide and lead sulp>hate have already been 
described. 

Lead mirate, Pb(N03)2, is the commonest soluble salt of lead. 
It IS prepared from nitric acid and lead, lead oxide, or lead carbonate, 
and is a colourless compound very soluble in water. Its 
decomposition by heating has already been described. 

Lead chromate, PbCr04, is a yellow precipitate obtained from 
chromate .solutions and lead solutions. It is used as a pigment 
(‘ chrome yellow *). 

Lead acetate, Pb(CH3.C00)2.3H20, is obtained from litharge and 
excess of acetic acid ; from its sweet taste it is called ‘ sugar of 
lead.’ Its solutions contain complex ions, probably of chelate 
structure, and all the slightly soluble compounds of lead are more 
soluble in acetate solutions than in pure water. 

In the majority of its covalent compounds lead is quadrivaltmt ; 
we may mention the tcira-acetaic , Pb(CH3.COO)4, and lead tetraethyl, 
Pb(C2H5)4. 

Lead tctra-acciatc, Pb(CH3C0.2)4, is obtained as colourless crystals 
by treating well-dried ‘ red lead,' PbaO^, with anhydrous acetic acid 
at 60”. The com])ound is instantly hydrolysed by water to lead 
dioxide. Its solubility in organic solvents (benzcuie, cliloroform) 
indicates that it is covalent. Some use is made of the compound as 
an oxidizing agent in organic chemistry. 
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GROUP V 

[nitrogkn], phosphorus, arsenic, antimony, bismuth, 

VANADIUM, NIOBIUM. TANTALUM 

V--Nb-l'a 

[N]-P( 

^As-Sb-Bi 


!\ CiToups V, VI, and VII tlif‘ typical elements quite definitely 
u\^einl)le the B subgroup, wliile the metals of the A subgioups can 
Ix' compared among themselves: they form the transition elements 
i!i the wider sense oif the term. 

Some of the projicrties of Group V elements are tabulated below: 
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Molting- point 

-.>10'’ 

1 

Isublimes 
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The tiuuUE V Klements 


The elements from nitrogen to bismuth form a w^ell-defined 
senes in which a gradual change of properties is noticeable. Some 
of the more obvious variations may be mentioned. 

The two end elements do not display allotropy, unless active 
iiitTogen be included as an allotrope, but the middle elements do. 
fhe colourless or yeUow form has a lower melting-point than the 
other allotropes and is less dense; it has a non-rnetallic appearance 
and will dissolve in carbon disulphide, whereas the behaviour of 
the metallic form is precisely the opposite. The stability of the 
non-metallic as compared with the metallic form decreases from 
phosphorus to bismuth. 

As we pass from nitrogen, a typical non-metal, to bismuth, an 
element which is more metallic than otherwise, a gradual change 
is noticeable between these limits. Nitrogen, and to a less degree 
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6i4 theoretical AND INORGANIC CHEMISTRY 

phosphorus, are the only elements of the group whose hydrides are 
sufficiently stable to form bases. All the hydrides of the group 
belong to the non-metallic type (p. 363), and it is only to be expected 
that their stability should decrease together with the non-metallic 
character of the elements. Ammonia is a stable substance, phos- 
phine is decomposed by heating, and the remaining hydrides 
decompose with increasing readiness in the cold. 

The change in the metallic character of the element may be 
brought out by considering the oxides and the chlorides. The 
oxides of nitrogen and phosphorus are acidic, those of arsenic 
and antimony are amphoteric, and bismuth oxides are predomi- 
nantly basic, while the increase in basic character is as usual 
accompanied by a decrease in volatility. The melting-points of 
the trioxides (or sescjuioxides) and trichlorides are shcAvn in the 
table : 



N 

P 

Sb 

Bi 

Sesquioxidc 


-3’ -i75''-3TS' 

6()o^ 

.S17 

Trichlon(l(‘ 


- H2“ — K* 

73'-’ 

^33^ 

Melting- Points 

01* TUIOXIDLS AND TRICHLORIDES 

OI- SOME 


(iROUC V Rlfments 


Evidences of saline character begin with arsenic chloiide, which is 
stable in solution in concentrated hydrochloric acid. There is some 
evidence that the ion As’*‘ may exist in small concentration in such 
solutions, whereas nitrogen and phosphorus arc incapable of 
forming cations. The tirst product of the hydroly.sis of the tri- 
chlorides of antimony and bismuth is not the hydroxide, but the 
oxychloride SbOCl or BiOCl. Bismuth oxychloride is unaffected 
by boiling water, but antimony oxychloride can suffer further 
hydrolysis. 

The valency shells of the atoms of these elements contain five 
electrons, but they all have the power of forming stable compounds 
in which they are tervalent. In these compounds the two unshared 
electrons may either exist as a lone pair, as in ammonia, or they 
may be altogether inert, as they appear to be in bismuth, which 
scarcely forms quinquevalent compounds. The covalency maximum 
of nitrogen is four, and the lone pair in its tervalent compounds gives 
them powerful donor properties (see ammonia). The tervalent com- 
pounds of phosphorus are also unmistakable donors, and phosphine 
resembles ammonia in its power of forming phosphonium halides. 

The only resemblance between Subgroup A, which consists of 
transition elements, and the rest of tlie group is in the quinque- 
valent compounds, and the propertie<= of these substances (e.g. 
vanadates) arc somewhat modified by the numerous lower valencies 
possible for the Subgroup A elements but not for the others, so 
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tliat the qiiinquevalent compounds of Subgroup A are oxidizing 
i^cnts. As usual, throughout the group the fluorides more than 
auy other compound display the elements in their maximum 
\'alcncy, and they all, except nitrogen, form pentafluorides. The 
Subgroup A elements are all typical metals with high melting-points 
and typical transitional properties, and in the elementary state or in 
ilit‘ir compounds of lower valency they bear not the slightest resemb- 
lance to the other elements of Group V. 


Phosphorus 

p— 30*975. Atomic Nmnher, 15 

History. — Ih 1^77 a bailiff named Baldwin, in Saxony, haa 
prepared a substance (im])ure barium sulphide) which, after 
exposure to sunlight, shone in tlic dark; it was therefore called 
Ikilclwin’s ‘ phosphorus.’ About th(‘ same time (1669) an alchemist 
of Hamburg, named Brand, prepared a substance (the modern 
yellow phosphorus) wilh similar ])ropertics but possessing the 
additional merit of shining in the dark without previous exposure 
to sunlight. His method was to distil a mixture of concentrated 
and fermented urine with sand, when the phosphorus was obtained, 
as a blackish solid. Kunckel, a German chemist of note, after 
vainly trying to purchase the secret from Brand (who had already 
sold it to an adventurer named Krafft), hit upon the same method 
of preparation independently in 1(178. Krafft exhibited the 
element in England, where it excited the curiosity of chemists, 
and Bovlf (1680) made a third independent discovery of its ex- 
traction from urine. Boyle published the details of his process 
and hence for many years phosphorus was known as ' English 
pliosphoins.’ 

In 17(19 -70, Gahn showed that phosphorus is present in bones, 
an observation confirmed by Scheele in 1771, who also devised a 
method of preparing it from bone-ash. Lavoisier (1772), from a 
stiid^^ of its behaviour on combustion, concluded that it was an 
element. 

Occurrence and Extraction. — Phosphorus is an abundant element 
and almost invariably occurs as a phosphate; phosphates are very 
widely distributed over the earth. The element in one form or 
another appears to be essential to the life of animals and plants, 
and some four or five pounds of calcium phosphate, Ca3(P04)2. 
are contained in the skeleton of a grown man. Guano, the dried 
excrement of sea-birds, contains a considerable proportion of 
phosphates derived from the fish on which these birds feed. The 
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conversion ot calcium phosphate into the so-called calcium super- 
phosphate, to be used as a fertilizer, is now an important industry 
(p. 500). 

Until the bep^mning of the present century, the phosjihorus of 
commerce was obtained from the calcium phosphate contained in 
bone-ash, which, after conversion 10 calcium hydrogen phosphate 
with sulphuric acid, was ignited till the metaphosphate remained: 

CaII,(rO,),^ Ca(P 03 ) 2 -|- 2 H 20 f . 

This substance was then distilled with charcoal: 


3Ca(PO,),+ ioC-Ca,(PO, 
t To condensers 


B 


L 


|c 

J 





Fig. i^S Piiosi'iioiUJs F'uKNAcn: 
(Diagrammatic) 


2+B4 t TioCO t , 

and the phosph finis was con- 
densed under water. 'J'lir 
process is very wasteful, and 
since the development of the 
electric furnace is of small 
commercial importance. 

The arrangement of a phos- 
phorus furnace can be seen 
from the diagram. The 
charge consists of phosphorite 
(impure calcium phosphate) 
mixed with coke and sand, 
added to secure a liciuid slag. 
It is admitted at C, and 
current is passed between 
the electrodes AA, thus pro- 
viding sufficient heat for the 
reaction : 


2Caj,(P04)2+ioCH-6Si02=P4 t TioCO t +6CaSi03. 

At the end of the operation the slag is run out at D. The j)hosj>horus 
fumes are condensed under water, and in one modiheation of the 
process the whole plant is hlled with coal-gas or carbon monoxide 
during the operation. Nine kilowatt-hours are required jicr kilo- 
gram of phosphorus. The carbon monoxide produced in phosphorus 
manufacture is used to make hydrogen from steam, and in the 
Liljenroth process hydrogen is produced from phosphorus vapour 
and steam on the surface of a catalyst ; 

2PT 8H2O- 2H3PO4+ 5112. 

If alumina is used instead of quartz in the phosphorus furnace, the 
slag can be used as cement. 

The total annual production of phosphorus is between thirty and 
forty thousand tons. 
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The Allotropy of Phosphorus. — Phosphorus prepared by the 
modern electric processes is nearly 100 per cent pure, but may 
contain traces of arsenic. It can be obtained perfectly pure by 
distilling the commercial product in steam in an apparatus from 
which the air has been driven by a current of carbon dioxide, 
which should be kept up during the distillation. Phospliorus 
spontaneously oxidizes in the air, and must therefore be kept 
under water. 

The element exists in three principal forms, colourless (' yellow *), 
red and black, and as there are two modifications of colourless 
phosphorus, distinguished by the letters a- and jS-, the total number 
of allotropes is four. Many other varieties have been reported, 
but they arc mostly distinguished from red phosphorus only by a 
difference in the state of division or by the presence of impurities. A 
lifth variety, Hittorf’s violet or ' metallic * phosphorus, is con- 
sidered by some to consist of coarse grains of red phosphorus, 
while others are of the opinion — and this is perhaps the likelier 
view — that violet phosphorus is a true allotrope and red 
j^hosphorus merely a solid solution of the colourless and violet 
iorms m equilibrium. 

Colourless phosphorus, the form commonly met with in the 
laboratory, is a solid of density i*8q, melting at 44° and boiling at 
287°. It darkens on exposure to light, and unless prepared in a 
darkened room has a distinct yellow colour which gives it its usual 
name of ‘ yellow phosphorus.' This yellow colour can be removed 
by oxidizing agents such as dilute chlorine water. The ordinary 

a-form of colourless phosphorus crystallizes in the cubic system, 
but in 1914 Bridgman noticed that if it was cooled to a very low 
temperature and allowed to giow warmer a definite irregularity 
occurred in the beating curve at —77''. The variety stable below 
this temperature is called the jS-form; it can he produced from the 
a-fomi at ordinary temperatures by the application of pressure — 
about II metric tons pier sq. cm. at Go''. 

Colourless phosphorus is insoluble in water, but it will dissolve 
in about four parts by weight of carbon disulphide, and solutions in 
benzene, chloroform, and other organic solvents can also be prepared, 
as well as in the liquid compound phosphorus tribromide. The 
solutions in organic solvents do not conduct electricity, and the 
phosjihorus is in the form of P4 molecules. 

Red phosphorus, though formerly described as amorphous, is a mass 
of rhombohodral crystals. It is soluble in alcoholic potash, but 
not in the organic solvents that dissolve the yellow variety. Its 
physical properties, among them the colour, heat of combustion, 
specific gravity (2*05 to 2*39), and melting-point (under p^ressure), 
depend on the method and temperature of its preparation, and 
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many substances have been reported as allot ropes which differ 
from it onl}^ in physical properties. 

At ordinary temperatures colourless phosphorus has a higher 
vapour pressure than red phosphorus and is consequently unstable. 
The rate of transformation is negligible, but it increases on heating, 
and is also accelerated by light, pressure, or the electric discharge, 
or such catalysts as iodine or selenium. It proceeds smoothly at 
250^^ in the absence of catalysts, and is carried out at this tempera- 
ture on an industrial scale. Any unchanged residue can be 
removed from the product by boiling with aqueous caustic soda, 
which reacts with colourless but not with red phosphorus (see 
phosphine, p. 620). 

There is no transition-point between colourless and red phosphorus 
at atmospheric pressure, because the red variety volatilizes without 
melting: colourless phosphorus is lorined by condensation of the 
vapour. The change readily takes place at 350°. From the 
curves connecting vapour pressure with temperature it appears 
that red and colourless phosphorus would be in equilibrium with 
the liquid at 43 atmospheres and 590° (the triple point). No 
difference can be detected in the vapour from the various allotro]')es, 
which all have a density corresponding with a molecule P4. The 
heat of combustion of colourless phosphorus is rather higher than 
that of the red form, so that heat will be evolved in the transforma- 
tion of yellow to red, and the stability of the red form will diminish 
with rising temperature, as the facts show. 

Hittorf^s ‘ metallic ' or violet phosphorus, a form very similar to 
the red variety, is prepared by coohng a solution of phosphorus in 
molten lead which has been maintained for a day or two at 800°, 
and removing the lead from the violet rhombohedral crystals. This 
variety differs from red phosphorus only in the melting-point 
(620°-625°) and in the development and size of the crystals, and is 
believed to consist of red phosphorus in a coarsely-grained condition. 
When a solution of colourless phosphorus in the tribromide is kept 
at 180°, a third red variety, Schenck's scarlet phosphorus, is slowly 
precipitated. As might be expected from its method of preparation, 
it is red phosphorus in a fine state of subdivision. Colloidal 
solutions of both red and colourless phosphorus can be prepared. 

By applying a pressure of 12 metric tons per sq. cm. to colourless 
pliosphorus at 200° Bridgman was able to prepare a new allotrope 
known as black phosphorus, with a density of 2*69. It is otherwise 
very like the red variety, but is a better conductor of heat and 
electricity. 

Generid Properties. — Phosphorus is a reactive element which 
shows a pronounced tendency to unite with atmospheric oxygen. 
In the open air the spontaneous oxidation of the colourless variety 
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of the element raises its temperature until it bursts into flame, 
Tlie ignition temperature is low, and it is unsafe to hold phosphorus 
in the fingers, while in the presence of finely-divided and easily 
oxidizable substances, such as charcoal, phosphorus may ignite 
at room temperature. Tn a well-known experiment a filter-paper 
IS impregnated with a solution of phosphorus in carbon disulphide. 
The solvent quickly evaporates and leaves the phosphorus in a 
\'ery finely-divided condition. The filter-paper first emits fumes 
f)f oxide and tlicn takes fire. 

It has been known for centuries that the .spontaneous oxidation 
oi phosphorus is attended by luminoslt3^ but in spite of laborious 
rf‘scarch the phenomenon is still only mcompletcly understood. 
Tli(‘ most remarkable feature of the luminosity is the effect of 
jircssure, for it is found that reducing the pressure increases the 
glow, whereas the contrary might have been expected. The glow 
will not take place in neutral gases or m high vacua, and is therefore 
closely connected with the oxidation process; it is not greatly 
aifected by oxygen pressure within the limits Too-500 mm. of mer- 
cury, hut is much reduced by smaller or greater pressures. Inten.sive 
drying reduces the glow without altogether arresting it, but the 
glow can be poisoned by the addition of very small quantities of 
various vapours, e.g. that of turpentine. The glow is accompanied 
by the production of ozone and by the ionization of the surrounding 
air or oxygen, which will discharge an electroscope. Very small 
quantities of phosphorus are sufficient to produce these effects. 
I'hiis, if water containing a very little phosphorus is boiled, the 
vapour is easily visible in the dark (this is Mitschkrlich's test 
for phosphonis). 

The free combustion of phosphorus in a plcntilul supply ot air 
or oxygen produces white clouds of the pentoxide, but if the supply 
of air is restricted lower oxides arc also produced. Phosphorus 
will not combine directly with gaseous hydrogen, and is scarcely 
affected by cold water, in which it is almost insoluble, though 
the water under which phosphorus is preserved always has a dis- 
agreeable smell of phosphine. Phosphorus reacts violently with 
all the halogens at room temperature. It is very easily oxidized, 
and oxidation sometimes takes place with explosive violence, 
e.g. the reaction with potassium chlorate. In the presence of 
water the oxidation of phos])horus produces phosphoric acid. 
Phosphorus will also combine with many metals forming phosphides, 
and with sulphur to form sulphides of phosphonis. Colourless 
phosphorus, but not the red variety, dissolves in aqueous alkalis, 
forming phosphine and other substances. It is not affected by 
acids as such, but various reactions may take place on heating: 
thus hot concentrated sulphuric acid is reduced to sulphur dioxide. 
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Phosphonis is sometimes used in the laboratory as a reducing 
agent ; thus Faraday used it to prepare colloidal solutions of gold 
from gold salts. It will also precipitate copper and silver from 
solutions of their salts, and a stick of phosphorus immersed in a solu- 
tion of ('opjjer sulj)hate becomes red from a coating of the metal; 
but other substances are produced as well. 

Although phosphonis in the form of phosphates is essential to 
life, yet the element itself, in the colourless form at least, is very 
poisonous. Colourless phosphorus was formerly used in the manu- 
facture of matches, and the he^ilth of the workmen suffered severely 
from the phosphorus vapour in the air, until the manufacture of 
these matches was made ilkigal. The red form which is now used 
is harmless. 

'rhe addition of copper jdiosphide to certain alloys increases 
their strength: the best-known phosphorus-containing alloys are 
the phosphor bronzes. The most important use of phosphorus is, 
however, the manufacture of matches. The modern safety-match 
is an aspen stick tipped with a mixture of suljduir and potassium 
chlorate, and is ignited by rubbing on a surface coated with red 
phosphorus and antimony sulpliide. Other matches are tipped 
with a mixture of the sulphides of phosphorus, chiefly P4S3, with 
potassium chlorate. 

Phosphorus Hydrides.— The princijial hydiide of phosphorus 
has the formula PH;,, and is called phosphine. It is most easilv 
prepared by boiling colourless phos])horus with aqueous alkali in 
an apparatus from which the air has been excluded. The gas thus 
obtained is spontaneously inflammable m air, but the inflammability 
can.be destroyed by passing it through coiiciaitrated sulphuric 
acid or by other methods, and is due to the presence of certain other 
hydrides of phosphorus. The product of this process also contains 
at least 50 per cent of hydrogen. An approximate equation is: 

4 P-b 50 ir-f 3 H 30 ==:PH 3 t d-2H, t +H2PO/-h2HPO/. 

Pure phosphine can be obtained by the action of water on 
phosphonium iodide: I— PH f+HL 

a little alkali is added to the water to retain the hydrogen iodide. 

Phosphine is a colourless gas with a disgusting smell ; perhaps the 
nastiest of all inorganic odours. It can be condensed to a liquid 
at —87° and to a solid at —133°. It is slightly soluble in water, but 
the solution is unstable and yields hydrogen and pihosphoric acid. 
Pure phosphine is not spontaneously inflammable in air, but it 
may ignite or explode when mixed with oxygen, and rarefaction 
of the mixture can always be made to bring about this result at 
ordinary temperatures. The spontaneous ignition of impure 
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phosphine has been suggested as the cause of the ' will-o'-the-wisp ’ 
.Dinetimes seen over marshy ground, the phosphine having been 
produced by the decomposition of animal matter. 

Phosphine is an unstable substance easily decomposed into its 
elements by heat. The decomposition is of the first order, but it 
t akes place on the walls of the containing vessel. Phosphine is also 
(iecomposed by the halogens, which form halides of phosphorus 
and of hydrogen, and by sulphur, which forms sulphides. It is 
absorbed by solutions of the salts of silver and gold (and other 
metals), with the production of precipitates of varying composition; 
with the solutions named both the metal and phosphides are formed, 
bhospliinc will also react under certain conditions with the halogen 
hydrides to form the jihosphonium compounds, analogous to the 
ammonium salts: 

PH3+III-PHJ. 

The reaction with hydrogen iodide takes place under ordinary 
• onditioris when the gases are mixed, but phosphonium bromide 
must be made in solution in some inert solvent, and to prepare 
phosphonium chloride it is necessary to compress the reaction 
mixture strongly and to cool it. 

Phoaphonium iodide, PH4I, is commonly prepared by the action 
of a little water on phosphorus tri-iodide. Phosphorus is dissolved 
in carbon disuli)hide, iodine is added to it, and the solvent is 
distilled off while air is kept from the apparatus by a current of 
carbon dioxide. Water is then added, and after the heat of the 
reaction has abated the mixture is warmed in order that the whole 
of the phosphonium iodide may sublime into a wide tube fitted to 
leceivc it. The whole action may be represented; 

gP-l-Sl+ibHp-sPHJ t +4H3PO,. 

Phosphonium iodide is a colourless crystalline solid. On heating, 
it readily dccompo.ses into phosphine and hydrogen iodide, and 
from these substances some hydrogen and phosphorus tri-iodide 
may be obtained. With water it quickly yields phosphine and 
hydrogen iodide and is very readily decomposed by oxidizing 
agents of all kinds. 

Phosphonium bromide, PH4Rr, is a colourless solid which disso- 
ciates at a lower temperature than phosphonium iodide, and 
phosphonium chloride, PH^C!, cannot exist at ordinary temperatures 
and pressures. 

Liquid hydrogen phosphide, PgH^, is the spontaneously inflam- 
mable ingredient of the mixed hydrogen phosphides prepared by 
the action of caustic alkalis on phosphorus. It is made by the 
action of excess of water on calcium phosphide, CagPj, and is evolved 
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from the reaction mixture, which is kept at 6o°, as a gas which can 
be condensed to a liquid by ice-water. Tlie whole of the apparatus 
must be filled with hydrogen. It is an unstable, colourless liquid 
with a low boiling-point, and is spontaneously inflammable in the 
air. Tlie products of combustion form a thick white cloud whicli 
contains water and oxy acids of phosphorus. Liquid hydrogen 
phosphide is insoluble in water. 

^ Solid hydrogen phosphide^ is a yellow solid which accom- 
panies the liquid hydrogen phos]ihidc produced by the action of 
water on calcium phosphide. It can be prepared, though in very 
small yield, by passing the gaseous jiroducts of this reaction through 
calcium chloride, which decomposes the li([uid phosphide PoHj 
into gaseous phosphine and the solid phosyihide. It is recovered 
by dissolving the calcium chloride in cold dilute hydn 'chloric acid 
and filtering off the solid residue. It is a yellow solid with no 
smell, quickly decomposed by moist air in the light and less (piickly 
in the dark; it is also decomposed by water, with which it forms 
hydrogen and phosjihoric acid. 

Its empirical formula apyiroximates to PgH, although the comyiosi- 
tion is somewhat variable. A molecular weight determination m 
which white phosphorus was used as solvent suggested a molecular 
formula Pj 2 Hg» solid yields no deiinite X-ray diffraction 

pattern, and is now considered to be amori>hous phosphorus con- 
taining dissolved (or adsorbed) phosphine. 

Phosphides of the Metals. — Our kiiow'ledge of these compounds 
is not very extensive. Phosphorus combines with most of the 
m(‘tals if heated with them, and some phosphides have been made 
by the rc'duction of phosphates, as for instance with carbon in the 
electric furnace. When phosphine is passed through salt solutions 
phosphides are sometimes precipitated, often together with the 
metal. Most phosphides are decomposed by water, with the 
liberation of phosphine, but some few, such as copper phosphidt*, 
are stable enough to be used in small proy)ortions in alloys. 1'he 
atkali-metal phosphides are made by direct combination, as is alu- 
minium phosphide, AlP, which in reaction with acids y)ro\ddes a 
convenient source of pure phosphine. 

Calcmm phosphide, Ca^Pa, can be made by direct combination, 
but is more often prepared from (alcium carbide and phosphoric 
oxide, or by heating calcium phosphate with carbon in the electric 
furnace. It is a brown crystalline refractory substance, stable in 
the air but readily decomposed by water, with which it liberates 
h\'drogen and liquid hydrogen phosphide together with some solid 
hydrogen phosphide. If air is present these sub.stances take fire 
with the production of clouds of phosphoric acid, and calcium 
phosphide is used in the production of smoke-screens at sea. 
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Oxides. — The principal oxides of phosphorus are phosphorous 
oxide, P4OQ, phosphorus tetroxide, (P02)n, and phosphoric oxide, 

Phosphorous oxide, P4OB, sometimes called phosphorus trioxide 
jrom the empirical formula P-^g, is obtained by the combustion of 
phosphorus in an insufficient supply of air. As some of the pent- 
,.xidc is always produced at the same time, and as phosphorus is 
,([)})reciab]y volatile at the temperature at which the combustion 
ir. carried out, the conditions must be carefully regulated if con- 
tamination of the product is to be avoided. A slow stream of air 
1? aspirated from left to right through the apparatus shown in the 
diagram while the phosphorus is gently warmed. Any unburned 
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phosphorus is condensed by the water-jacket, which is kept at 50" 
01 slightly over, while the plug of glass wool catches any pentoxide. 
The tnoxide, however, is carried into a condenser cooled in a 
lieczing-mixture, where it collects as a colourless solid; it is best 
to interrupt the air current before the whole of the phosphorus 
has been consumed. The trioxide is freed from traces of phosphorus 
by fractional crystallization from carbon disulphide, followed by 
distillation. 

Phosphorous oxide is a crystalline substance melting at 23° and 
boiling at 173''; it has a peculiar odour. The vapour density 
corresponds with the formula P4O6. Wlien strongly heated in 
the absence of air, it yields phosphorus and phosphoms tetroxide: 

2P40e-3P20.,+2P, 

l)ut it combines with oxygen from the air at all temperatures, 
forming either the tetroxide or the pentoxide, according to the con- 
ditions. When it is gently warmed in oxygen the reaction is violent 
and even explosive. With cold water the oxide slowly dissolves to 
form fihosphorous acid: 

P 40 «+bIip= 4 H 3 P 03 , 

but with hot water the reaction is vigorous, phosphorus is deposited, 
and phosphorus hydrides and phosphoric acid are produced. 

Phosphorus tetroxide, empirical formula POg, is so called because 
the empirical formula is intermediate between tho.se of the trioxide 
P.jOg and the pentoxide P2O5, or possibly by analogy with nitrogen 
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tetroxidc3, but it is probcibly best represented by P4O8. It is pre- 
pared, as already described, by heating phosphorous oxide in a 
vacuum to nearly 300°, and then sublimes into the cool parts of tlu' 
apparatus. It is also present in the mixture of oxides obtained by 
the combustion of phos])horus in a limited supply of air. It is a 
colourless crystalline substance which delifjuesces in the air and can 
be sublimed without change at about 180”. It is soluble in water, 
but the solution does not contain hypophosphoric acid, H4PoO(j, as 
might be expected, but behaves rather as a mixture ol metaphos- 
phoric and phosphorous acids* 

2PO2-I 2 H ,0 ---1 IPO, |-H,PO,. 

Phosphorus pentoxide, P^Oio, the best-known and most familiar 
oxide’ of phosj)lK)rus, is obtained by burning phosjdiorus in a 
liberal supply of air or oxygen. When carried out under lliese 
conditions the combustion ol phosjihorus yields a white and siii- 
gulaily brilliant llame. The commercial ])roduct usually contains 
lower oxides and sometimes elementary iihosphorus; and is pnrilied 
by sublimation in a stream of oxygen over platinized asbestos, 
which catalyses the corn])lete oxidation of these substances. 


A 



Ftg. 130. Phosphorus Pfntoxtdk Drying -turf for C \sfs 

Phosphorus peiitvixide is a white powder which can be obtained in 
several crystalline forms. The most volatile, or a-form, consists 
of molecules p40jf,. It can be sublimed without difficulty at 250''. 
Other less volatile forms are macromolecular and contain PO4 
tetrahedra mutually linked by three of the oxygen atoms. The 
pentoxide in the «-form has an alTmity lor water exceeding that 
of any known substance, and is chiefly used for withdrawing 
w^ater or its elements from other substances, the product of the 
reaction being the very stable metaphosphoric acid. For this 
reason phosphorus pentoxide becomes sticky and pasty if exposed 
to the atmosphere even for short periods, and its use as a desiccating 
agent is inconvenient, since it is very liable to clog the apparatus. 
It is consequently used only when a high degree of desiccation is 
required, and is then commonly protected by calcium chloride or 
sulphuric acid driers from the access of considerable quantities of 
water. The diagram shows the commonest form of drying-tube for 
gases. The wide tube is sealed off at A after the oxide has been put 
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in. For most experiments on intensive dryin^^ the use of this sub- 
stance is essential. The oxide is much used in the preparation of 
.H id anhydrides; with nitric and perchloric acids it yields nitrogen 
jx ntoxide and ciilorinc hcptoxide, and with sulphuric acid sulphur 
tnoxide. It is also extensively used in organic chemistry. 


The Oxyacids of Phosphorus. — ^T hc types of these acids are: 


Hypophmphorous acid: H3PO., 
Phosphorous acid: H3PO3 

Hypo phosphoric acid : ll4p.^Og 

Phosphoric acid: H^PO.j 

Perphosphoric acid: Pl^PO^ 


P0(01I)H2 

PO(OH)oH 

PO(OH)I 

I 

P0(0H)2 

P0(01])3 

PO(OT-l)o.O.OH 


It will be noticed that with the exception of hypophosphoric acid 
iliesc form a sequence in which each has the formula H.^POrt, but 
the table shows only the sirnjdest ty])c of each acid, and most of 
th(*m exist in several condensed forms, which will be discussed 
under the appropriate headings. The structural formulae given 
are largely established, and they help to make the relations between 
the acids clearer than they otherwise would be. 

Hypophosphorous acid, H3PO2. — The solution remaining after 
tlie preparation of phosphine from phosphorus and caustic alkali 
contains a hypophosphite. If the preparation of this compound is 
ih( object of the experiment, baryta is used instead of caustic 
^nda, and the liquid afterwards neutralizc'd by passing carbon 
dioxide through it. This precipitates barium carbonate, which 
(Tin be filtered off, and l:)arium hypophosphite can be obtained by 
evaporating the liquid. By treating a solution of this substance 
with dilute sulphuric acid a solution of hypophosphorous acid is 
obtained, from which nearly all the water can be driven by very 
cautious evaporation, which may witli eidvantage be carried out 
under reduced pressure. 

Hypophosphorous acid is a colourless crystalline solid which 
melts in the neighbourhood of 25®. It is very soluble in water, 
.md the solution behaves as a fairly strong monobasic acid. There 
'b a mass of evidence for this conclusion — titration, conductivity, 
hydrogen ion concentration, and so on — and since acid properties 
are usually assigned to hydroxylic hydrogen, the formula of the 
HO\ 

acid is supposed to be H — O. When hypophosphites are dis- 
solved in water containing deuterium oxide, they are found upon 
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recovery Ifj contain no deuterium. It is certain that if the anion 
contained a hydroxyl group excliange between hydrogen and 
deiiteriuni would rapidly occur. The anion is therefore HgPO./ and 
not HP( 0 II). 0 '. 

Hypophosphorous acid and the hypophosphites are powerful 
reducing agents easily oxidized by the air to phosphites and then 
to phosphates, particularly in acid solution. They will reduce 
concentrated sulphuric acid to sulphur, phosphorus pentachloridc 
to phosphorus, and solutions of copper sulphate to copper, or 
possibly copper hydride. The acid is decomposed by heat into 
phosphoric acid and phosphine: 

2 H 3 POo==H 3 P 04 +PH 3 t, 

but if hypophosphites are boiled in strongly alkaline solution 
hydrogen is evolved: 

H.,P 0 ,'+ 0 H'=HP 03 " 4 -H 2 t . 


The hypophosphites of the metals are usually obtained from 
solutions of sulphates and of barium hypophosphite; on heating 
they generally lose Itydrogcn and phosphine, and leave a residue 
of phosphate. 

Phosphorous acid, H3PO3, and the phosphites.— Phosphorous 
acid can be obtained by dissolving phosphonis trioxide in water, 
but this method is very tedious; the hydrolysis of phosphorus 
trichloride is more convenient. The trichloride is maintained at 
60° while a brisk current of air is passed through it, and the vapours 
are passed into ice-water, which after some time becomes filled with 
a mass of crystals: these can be filtered, washed, and dried in a 
vacuum: 

PCl3+3H20-P(0H)3-t-3Ha. 


If liquid phosphorus trichloride is added to water the reaction is 
very violent, and decomposition occurs, but this can be avoided 
in an alternative method of preparation by the use of concentrated 
hydrochloric acid instead of water. 

Phosphorous acid is a colourless crystalline substance that 
melts at 74®. The crystals are deliquescent and readily soluble 
in water. The solutions behave as though they contained a 
dibasic acid, and the formula of the acid is supposed to be 


HO >P= 0 . 
HO^ 


The acid is fairly strong in its first dissociation and 


weak in its second dissociation (compare phosphoric acid); in 
concentrated solutions associated molecules (H3P03)2 and ions 
H5P2O3' also make their appearance. As is also the case with 
phosphoric acid, phosphorous acid can be titrated against 
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ytie equivalent of alkali with methyl orange, and two with 
Uiymolphthalein. 

Phosphorous acid and the phosphites are less powerful reducing 
oL^cnts than the hypophosphites, and are oxidized by atmos[)heric 
air, even in acid solution, only in the presence of certain catalysts 
-uch as iodine; the product is phosphoric acid. The boiling 
alkcdine solutions do not yield hydrogen so readily as the hypo- 
pbosphites, but solid phosphorous acid, like hypophosphorous acid, 
I- on heating decomposed into phosphoric acid and phosphine; 

4H3P03=3H3P0,+PH3t. 

riiosphites will reduce copper sulphate solutions to copper and 
jjhosphorus pentachloride to phosphorus, but with concentrated 
sulphuric acid only sulphur dioxide, and no sulphur, is obtained. 

The phosphites are usually prepared by the action of phosphorous 
[icid on bases or carbonates. Both monohydrogen and dihydrogen 
phosphites are known, but, as already explained, the third hydrogen 
atom of the molecule cannot be replaced by metals. On heating, 
llie phosphites yield a phosphate together with hydrogen or phos- 
phine, or both. Calcium phosphite, CaHP03.2H.p, and barium 
phosphite, BaHPOg, are only slightly soluble in water, so that 
phosphite solutions yield precipitates with calcium or barium 
solutions, a reaction which distinguishes them froni the 
hypo{)hosphitcs. 

Metaphosphorous acid, HPOg, is obtained as a crystalline solid 
by the action of dry oxygen on dry phosphine: 

PH3+0,--.HP0.,+H,. 

This substance reacts with water to form ordinary or ortho-phos- 
[)horous acid: 

RF0,+ii,0=}l,P0,, 

and no salts of it have been prepared. Salts have, however, been 
prepared derived from the very unstable pyrophosphorous acid, 
1I4PP5(2H3P03— HgO). They are of small importance. 

Hypophosphoric acid, H4P0O6, w^as discovered in 1877 and is 
usually prepaied by the oxidation of red phospliorus by alkali 
hypochlorite. When phosphorus is allowed to oxidize slowly in 
the presence of water, about 6 per cent of it is converted into this 
acid and the remainder to phosphoric acid. Hypophosphoric acid 
can also be prepared by the oxidation of phosphorus with a hot 
acid solution of copper nitrate. It can be separated from the other 
acids of phosphorus also produced in these reactions by precipitation 
with sodium acetate of the slightly soluble sodium hypophosphate, 
Na2H2P206*^H20, which can then be recrystallized from boiling 
water. From the hot solution lead hypophosphate can be 
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precipitated, and from a suspension of this salt a solution of 
the acid can be obtained by treatment with hydrogen sulphide, 
which precipitates lead sulphide. Concentration of the solution 
under reduced pressure yields either the anhydrous acid or a 
hydrate. 

Hypophosphoric acid is a colourless crystalline hygroscopic solid 
melting at 55‘’' and soluble in water. On heating to about yo'^ it 
is converted into an equimolccular mixture of i)hosphorous and 
mctaj)hosi)horic acids: 

H,P20«-H.,P0,+11P03. 

The change is irreversible, and takes ])lace eciually readily in 
solution, rapidly on heating but only slowly in the cold, while 
these acids show no sign of combination on mixing, and none is 
discernible in the fieezing-poinls of their mixtures. Solutions of 
hypophosphoric acid or its salts have practically no reducing 
action, and are unallected by liydrogen peroxide, dilute nitric 
acid, or the halogens. On warming they display reducing properties 
due to the phosphorous acid formed by decomposition. 

The acid is tetrabasic, and salts have been prepared in which a 
quarter, a half, three-quarters, and all the hydrogen has been re- 
j)laced by a metal. When th(' acid is titrated against a base with 
methyl orange, an end-point is reached at a half-way stage, so 
the acid must be tolerably strong in its first two dissociations. 
The formula is a m.dter of controversy, but the suggestion 
P 0 ( 01 I)o 

I appears to fit the facts better than any other. 

P 0 ( 0 H )2 

Phosphorus tetroxide cannot be regarded as the anhydride of 
this acid, since neither substance can be directly converted into 
the other. 

Phosphoric acid exists in three modifications: the ortho-acid, 
H3PO,,, the pyro-acid, H4P2O7, and the rneta-acid, HPO3, connected 
as follows with the pentoxide: 

P2O5+3H2O-2H3PO4. P2O5+2H2O-H4P2O7. 

P205+H20=2HP03. 

Orthophosphoric acid, H3PO4, the most important acid of phos- 
phorus, is obtained by the action of hot water on phosphorus 
pentoxide, or more readily by oxidizing phosphorus in contact 
with water, usually with concentrated nitric acid. Dilute acid 
has little action on phosphorus, but if the acid is too concentrated 
dangerous explosions may take place. Any variety of phosphorus 
may be used. In the Liljenroth process (p. 616) orthophosphoric 
acid was obtained from phosphorus and steam. 
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The product of the action of nitric acid or other volatile oxidizing 
agent on phosphorus and water is evaporated until nearly all the 
water has been expelled: the mass is then cooled and crystals with 
the composition H3PO4 separate. As hot concentrated phosphoric 
acid attacks glass, porcelain, and even some varieties of fused 
silica, this operation must be carried out in a platinum vessel, 
riie product is a colourless crystalline solid melting at 42"", hygro- 
scopic, and v('rv soluble in water. On strong heating it loses water and 
IS converted first to jiyrophosphoric and then to metaphosphoric acid. 

Orthophosphoric acid is tribasic. The dissociation-constants are 
0-011, 2x10 and 3-6x10“^^, so that it is fairly strong in its first 
dussociation, weak in its second, and exceedingly weak in its third, 
('onsccpiently solutions of the dihydrogen phosphates, such as 
NaH2p04, have an acid reaction, the monohydrogen phosphates, 
such as Na^lIPO^, are alkaline from hydrolysis, and the normal phos- 
phates, such as Na3P04, arc nearly as alkaline in solution as caustic 
soda. If the hydrogen ion concentrations ot the solutions obtained 
by adding (say) M/io solutions of caustic alkali to M/io solutions 
of phosphoric acid are calculated, they are found to be (18°) : 
NaHJ^04, Na2HP04, lO"**-'^; NagPO^, io~^^ and these 

x'alues have been confirmed by potent iomotric titration. Conse- 
quently the acid can be titrated to a dihydrogen phosphate with 
methyl red and to a monohydrogen phosphate with thymolphtha- 
Icin, or less accurately with phenolphthalein, while the titration to 
the normal salt cannot be carried out with indicators; in this region 
the hydrogen ion concentration changes only slowly with the 
addition of alkali. Mixtures of phosphoric acid and phosphates 
are much used as buffers and in the preparation of solutions of 
standard hydrogen ion concentration. 

Orthophosphoric acid in the pure state or in solution is a stable 
substance with the ordinary properties of an acid but otherwise 
not reactive. The phosphate ion shaies the stability of the neigh- 
bouring silicates and sulphates, though the tervalent ion PO4'" 
uncombined with hydrogen ions exists only in very concentrated 
alkaline solution. As the acid is not volatile on moderate heating 
it can be used instead of sulphuric acid for expelling volatile acids 
from their salts, but all the jihosphates are decomposed by hot 
concentrated sulphuric acid. 

Orthophosphates , — These salts are prepared by the usual methods. 
All the phosphates and hydrogen phosphates of the alkali-metals 
(except lithium) and ammonium are soluble in water, but most 
other phosphates are insoluble or only slightly soluble. Ihe 
insoluble phosphates or double ammonium phosphates of certain 
metals, among them magnesium and zinc, are used in their gravi- 
metric analysis. The monohydrogen phosphates on ignition yield 
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water and pyrophosphates, and the dihydrogen phosphates yield 
water and me ta phosphates. Several orthophosphates are described 
under the metals. 

Pyrophosphoric acid, H4P2O7. — Attempts to prepare this acid by 
the action of water on phosphorus pentoxide have been unsuccessful, 
but it can be prepared without difficulty by heating the ortho-acid 
to 250°, or from a mixture of the ortho- and rneta-acids: 

H,P04-1-HP03-H4PA- 

In the pure state it is obtained from its sodium salt, which remain ^ 
wli(m disodium monohydrogen phospffiate is heated: 

2Na.d^P04-Na4PA^ H.O t - 

This is dissolved in water and j^recipitated as the insoluble lead 
salt, which is then suspended in water and treated with hydrogen 
suljdiide. The evaporation of the resulting solution must be carrii'd 
out under reduced pressure, for on heating the pyro-acid takes up 
water and forms the ortho-acid. 

Pyrophosphoric acid is a syrupy liepiid of uncertain melting-point, 
since undercooling takes place wry readily. It is freely soluble in 
water and is a tetrabasic acid, the dissociation-constants bt'ing 
about 0*14, o-oii, 4Xio~’ and 10 in that order. The solutions 
are stable only at low temperatures and readily form orthophos- 
phates on heating, especially if the solutions arc acid. 

Pyrophosphates , — These salts are prepared by the usual methods 
or by heating monohydrogen orthophosphates: the normal salts 
and the dihydrogen salts are the commonest, and indeed it is 
doubtful whether the others exist at all. The dihydrogen salts 
yield metaphosphates and water wlien lieated: 

Na 2 HoP 20 ,- 2 NaP 03 -l-H .,0 

Metaphosphoric acid, (HP03)n, ' glacial phosphoric acid,' is obtained 
by strongly heating the ortho- or pyro-acids in a gold or platinum 
vessel, but if the process is carried too far the product contains 
an excess of phosphorus pentoxide. It is a colourless, glassy, and 
very deliquescent substance, freely soluble in water, with which it 
evolves much heat. The solutions gradually change to orthophos- 
phoric acid. In the laboratory metaphosphoric acid is used as a 
lubricant for taps in apparatus where it will be exposed to substances 
that attack other lubricants. An acid of monomeric formula HPO3 
does not exist, nor have any corresponding salts been obtained. An 
anion of empirical formula PO3' arises from the condensation of 
PO/" tetrahedra resulting from a mutual sharing of two oxygen 
atoms in each tetrahedron (cf. phosphorus pentoxide, where three 
oxygens are shared). Thus three tetrahedra can condense in a ring 
to give trimetaphosphate, (1^03)3'" (p. 631) : 
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(tr four to give tetrametaphosphate, (PO;!)/"'; a more widespread 
roiidensation yields inacTomolecular anions of very large molecular 
weight. The extent of the condensation is controlied mainly by the 
Temperature at which the necessary dehydration of orthophosphate is 
t'ffected. P'usion of sodium iihosphate, NaPl2P04, at ()00° gives a 
macromolecular jiolymetaphosphate, ‘ sodium phos])hate glass/ 
formerly tenried ‘ hexamelaphosjihate/ while careful heating at 
300° gives the cyclic trunetaphosphate, Na.^P30(,. Tetrametaphos- 
{ilioric acid is prepared by treating a-phospliorus penfoxide with 
ice-cold water. 

Analytical distinctions. When heated with excess of nitric acid 
and ammonium molybdate, all oxyacids of phosphorus or their 
salts yield a canary-yellow precipitate of ammonium phospho- 
molybdate (p. 714). Solutions of the salts of the phosphoric acids 
can be distinguished as follows: 

(1) I'he insoluble silver salt of orthophosphoric acid is yellow, 
of the other acids tz>hite. 

(ii) Metaphosphoric acid will coagulate a solution of albumen, 
the other acids will not. 

Permonophosphoric acid, H3PO5, is obtained in solution by adding 
phosphorus pentoxide to concentrated ice-cold hydrogen peroxide : 

P2O, + 

The solutions have powerful oxidizing properties resembling those 
of jiermonosulphuric acid. A perdiphosjihoric acid, H4P208» 
also been reported. 

Comparison of the oxyacids of phosphorus. — A few of the pro- 
perties of these somewhat confusing substances are shown in the 
table (p. ^>32). They are all colourless hygroscopic solids soluble in 
water, except pyrophosphorous acid and the perphosphonc acids, 
which are known only in solution. 

Halides of Phosphorus. — The principal halides of phosphorus 
are: 

Fluorides Chlorides Bromides Iodides 

PF3, PF5 PCI3, PCI5 PBr3, PBr^ P2T4, PI3 

and a number of mixed halides arc known. 

X 
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They are volatile substances usually prepared by the union of 
tlu‘ elements. The iodides and higher bromide are yellow, red, 
or orange; the fluorides, chlorides, and tnbromide colourless. They 
are all decomposed by water with the formation of hydrogen 
li.ilide, together with phosj)horous acid from the trihahdes and 
[jhosjihoric acid from the pentahahdes: 

PF3 I 3HP -P(0H)3 I-3HF. PPr^T 4U3O --H3PO,+5HBr, 

consequently they fume in moist air. The trihalides combine with 
oxygen on heating, or sometimes in the cold, to form oxyhalidcs’ 

2PCI3 \ CX 2 PO(\ 

but the tri-iodide docs not show this reaction: the pentahahdes arc 
-table against oxygen unless strongly heated, when they dissociate 
III any case into the trihalide and free halogen, the reaction: 

• X represents a halogen atom) being in all cases reversible. 

The melting- and boiling-points of the halides are shown in the 
table : 




PCU 


/Y, 

1 /'G 

PCU 


' Melting-point 

132" 


-i2" 

Ol'’ 

00 

0 

ClIC 

I 10'' 

Boiling-point 

- lUl"' 

75“ 

175 *^ , dccom- 
1 poses 

-75° 

CITC 

I() 0 " 

clec'om- 

poscs 


MkL'IIS’G- and liOlLlNli-POlNlS Ol’ I HK HaLIDKS OF l^HOSl'HOR US 


Phosphorus fluorides. — Both the tri- and pentafluorides can be 
obtained by union of the elements, but the trifluoridc is best prepared 
by the intei action of arsenic trifluoride (p. 643) and phosphorus 
trichloride. It is a colourh^ss gas which unites explosively with 
oxygen on sparking the mixed gases in the cold: 

2Ph'3+03=^2P0P3, 

and will combine with fluorine or any of the halogens to form 
jicntahalides. It is hydrolysed by water (contrast nitrogen 
trifluoride). 

The pentafluoridc was first prepared in 1887 by the action of 
arsenic trifluoride on phosphorus pentachloride : 

5AsF3+3PCl3^3PF5 t -f 5 ASCI 3 . 

It is a strong-smelling colourless gas which is hydrolysed by water, 
but in the absence of water it does not attack glass. 

Phosphorus trichloride, PCI3, is commonly prepared by direct 
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combination in an apparatus similar to that illustrated, in which 
a brisk current of dry chlorine is passed over the surface of molten 
phosphorus (the fusion is most safely accomplished with warm 
water). A flame appears in the retort in which this operation is 
carried out, and which must be filled with carbon dioxide before the 
chlorine is admitted, and the heat of the reaction is sufficient to 
boil the trichloride, which can be purilied by a single redistillation. 
It is a colourless liquid of density i-6, decomposed by water and 



other hydroxylic solvents, but soluble in inert organic liquids: it 
is covalent. 

It is a very reactive substance whose chemistry is controlled by 
(i) the avidity of phosphorus for oxygen or hydroxyl, and (2) its 
donor properties, which may be attributed to the lone pair of 
electrons. With water, alcohols, and other organic substances 
containing hydroxyl groups it forms compounds in which the 
hydroxyl group is replaced by chlorine, and is sometimes used for 
this purpose in organic chemistry, though it has largely been super- 
seded by thionyl chloride. It reacts with oxygen on heating, form- 
ing the oxychloride POCI3, and is explosively oxidized by nitric acid. 
With ammonia it forms a compound, PCI3.6NH3. 

Phosphorus pentachloride, PClg, is prepeired by the action of 
excess of chlorine on phosphorus trichloride or on phosphorus. As 
the product so readily reacts with the moisture of the atmosphere 
it is best to prepare it in the vessel in which it is to be preserved. 
A quantity of the trichloride (which may be replaced by a con- 
centrated solution of phosphorus in carbon disulphide) is placed in 
a bottle and a brisk stream of chlorine, which must be dry, is led in 
through a wide tube. It is best to provide a glass stirrer for use 
in the later stages of the reaction, during which the bottle must be 
cooled. When all the trichloride has been converted to the colour- 
less solid pentachloride, the chlorine is driven from the apparatus 
by a current of dry carbon dioxide and the bottle secured with a 
well-vaselined stopper. 

The colour and vapour-density of phosphorus pentachloride both 
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ijidicate partial and fully reversible dissociation into the trichloride 
and chlorine on heating: 

pa,^pci3+a 


Dry 

chlorine 


time 


pboard 


At 200° about half the pentachloride is dissociated. 

The constitution of this compound — i.e. its electronic structure — 
lias been the subject of some speculation. The pentachloride is 
a covalent compound which in 
the pure state will not conduct 
tleclricity, but the solutions in 
(ertain solvents such as nitro- 
benzene do have this power. 

X ray diftraction applied to the 
( rystallini" solid has given the 
(vplanation, by showing that 
the pentachloride is formed from 
(Hjual numbers of the ions (PCI,.)' 
and (PCI4)’, wliicli when released 
in solution confer conductivity. 

The vapour, on the other hand, 
consists of single molecules, 

PCI5, of bipyramidal sha])e, in the 
( onstitution of which the tliermal 
dissociation is not reflected. 

Phosphorus pentachloride is a 
p(jwcrful chlorinating a^ent, and is widely used in organic chemistry 
lor this piurposc; thus with alcohol: 



_ Pho.cpharus 
trichlcncUr 


Fig. 


132. ] ’reparation of Phos- 

phorus Pentachloride 


CoHrPH I PCI3-C2II5CI+IICI t +POCI3 t . 

The evolution of hydrogen chloride in the cold is considered to be 
evidence for the existence of a hydroxyl group in the molecule, 
but on heating phosphorus pentachloride will chlorinate many 
compounds which contain no hydroxyl, e.g. ethers. 

f PCl,=2C3ll,Cl + POCI3 1 . 

The hydrolysis of the pentachloride yields phosphoric acid and 
hydrochloric acid, but in the absence of a large excess of water 
considerable quantities of phosphoryl chloride. POCI3, may be 
produced. The pentachloride forms two compounds with ammonia : 
PCI5.8NH3 and PCI5.10NH3. 

Bromides of phosphorus comprise the tribromide and the penta- 
bromide, both of which are produced by direct union of the elements. 
The pentabromide melts below 100° to a liquid mixture of the tri- 
bromide and bromine containing only a small residue of the penta- 
bromide in eciuilibrium. 
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Iodides. — The stablest iodide has the formula P2I4, and is pre- 
pared by mixing carbon disulpliide solutions of the elements in 
the correct proportions. The tri-iodide PI3 is much more soluble 
in carbon disulphide, and this method of preparation is unsuitable: 
it is made by the action of hydrogen iodide on phosphorus 
trichloride: 

PCl3-f3HI=Pl3+3HCl. 

The hydrolysis of the iodides of phosphorus is made use of as a 
source of hydrogen iodide. 

Phosphokus OxYHALiDES. — In addition to the phosphoryl tri- 
halides, POFo, POCI3, and POBrg, other oxyhalides of less 
importance are known. The phosphoryl trihalides are produced 
by oxidation of the trihalides of phosphorus either by heating in 
the air 01 otherwise, or by an intermediate stage of the hydrolysis 
of the phosphorus pentahalides: 

PClsd- H^O- POClgd- HCl. 

Phosphoryl fluoride is a colourless gas, the chloride is a colourless 
liquid, and the bromide an orange solid: the melting- and 
boiling-points are: 



POP, 

FOCI, 

POBr^ 

Melting-point 


+ 2° 


Boiling-point 

-40“ 

105'=’ 

190“ 


MELriNO- AND J^OlLlNfJ-eolNTS OK I HK PllOSPlIORYl 'rRIHAIJDES 

The phosphoryl halides are all hydrolysed by water, the products 
being phosphoric acid and the hydrogen halide’ they fume in 
the air. 

Phosphoryl trichloride, POCI3, usually called simply phosphoryl 
chloride, is piepared by oxidizing phosphorus trichloride with 
potassium chlorate. The reaction is violent, and the vessel in 
which it is carried out must be well cooled and provided with a 
reflux condenser. The product is finally distilled off. It is used 
in organic chemistry as a chlorinating agent. 

Phosphorus Sulphides, — Phosphorus and sulphur react vigor- 
ously when heated together, forming a product which contains 
several of the large number of binary compounds of these elements 
which have been reported. They may be prej^ared in the laboratory 
by mixing finely-powdered red phosphorus with the theoretical 
quantity of sulphur, and heating the mixture in a current of an inert 
gas (carbon dioxide) until reaction takes place. The molten mass is 
then allowed to cool, broken up, and purified by various methods. 

Tetraphosphorus trisulphide, P4S3, is the most important sulphide 
of phosphorus, and is the principal ingredient of the mixture used 
for tipping one kind of match. It is made on the commercial 
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scale by lieating a mixture of sulphur and phosphorus in carbon 
Jioxidt^ to about 330'^. When prepared in the laboratory it may 
])(* purified by extracting it with carbon disulphide, evaporating to 
dryness, and boiling it with water, by which it is only very slowly 
li\'drolysed, whereas hot water soon decomposes the other sulphides 
phosphorus, forming hydrogen sulphide, jihosphoric acid, and 
mUkt products. It is a yellow crystalline substance melting at 
i;.] : stable in llu* air, though readily taking lire when heated. 
In the absence of air and water it can be heated to a high temperature 
without decomposition. 

Tetraphosphorus heptasulphide, T^S,, differs from the romj)ound 
just mentioned by being nearly insoluble in carbon disulphide. It 
IS (!('('( )mj)osed by water more rapidly than the pentasulphide. 

Phosphorus pentasulphide, P4S|^,, is a ]iale yellow solid, melting- 
])oint 200^". Cedd water gradually hydrolyses it to ortlu>phosphonc 
.K'ld and hydrogi'ii siiljihide. 

Phosphorus nitride, (R:iN5)h. — This interesting compound can be 
ni.ide by a variety of methods, of which the simplest is perhaps that 
fine to S'Ioc'k: phosjihorus pentasulphide is strongly heated in 
ammonia. The produc t is a colourless solid without taste 01 smell, 
which must be heated to a high temperature in viuw^ before it 
decomyioscs into its elements. It is unaffected by cold water, but 
bv boiling water is slowly decomposed into phosphoric acid atul 
ammonium jihosphate. It burns if strongly heated in the air. On 
careful heating in vacuo at 750 ’ nitrogen is lost, and the nitride 
of simpler empirical composition PN sublimes as a red solid. Th(‘ 
structures of the sulphides ha\'e been revealed by X-ray diffraction, 
but those of the nitrides of phosphorus still await elucidation. 


AkSI' NIC 

As=74-c)T. Atomic Number, 33 

History.- Yellow arsenic suljihide was employed as a pigment 
by the ancient Assyrians, whence the name sandarach, from ^indn 
arqu, yellow paint. Both realgar and orpiment (AS4S4 and As4Sp) 
were employed by the Alexandrian and later alchemists, and 
Jabik knew how to extrac t the element from them. Al-Ikaoi 
(about 1260) pointed out the re.scmblance between oqiiment and 
stibnitc (SbaSg), while the formation of white arsenic (.A.s.^Oji) has 
been known at least since the time of Pliny. Bkandt (1774) 
recognized that white arsenic was the calx of metallic arsenic. 

Occurrence and Extraction. — Though not very abundant, arsenic 
is widely diffused in small quantities. Sulphides are frequently 
contaminated with arsenides, and the removal of this arsenic is 
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usually necessary if the sulphides are to be used for the extraction 
of metals or for the manufacture of sulphur dioxide; the oxides of 
arsenic arc notorious as catalytic poisons, and have caused much 
difficulty in j)lants such as those used h^r the contact process. 

'Ihe two principal ores of arsenic are the sulphides realgar, AS4S4, 
and orpiment, but these are not generally worked for the 

(‘lenient, which is manufactured by heating certain mixed arsenides, 
of which inispickel, FeSAs, is the most important, in the absence of 
air. The oj)eration is carried out in nTorts not unlike those used 
for the distillation of zinc (p. 502), and the arsenic, or some of it, 
sublimes and is collected in sheet-iron condensers. It can be 
freed from all impurities except antimony by mixing it with charcoal 
and subliming it. In the laboratory the purest arsenic can be 
prepared by precipitating arsenious oxide from a solution of a pun* 
arsemte, mixing it with charcoal and distilling the arsenic from 
the mixture. 

Properties. — Arsenic exists in three allot ro])ic modifications, as 
follows . 

1. Metallic arsenic, the stablest form, obtained by heating any 
other hum or by slow sublimation. It is a brittle grey substance 
of density 57, a conductor of electricity, and sublimes on strong 
heating, the vapour pressure reaching 700 mm. at about 620''. 

2. Yellotv arsenic is obtaint^d when arsenic vapour is suddenly 
cooled, and is metastable at ordinary temp)cratures. It is very 
much less dense than the other forms of arsenic (density 2-1), and 
is the only modification to be soluble in carbon disulphicic. In the 
solid state it rapidly changes into the grey form, particularly 
when exposed to light, and if it is to be preserved it must theretore 
be dissolved in carbon disulphide as soon as it is produced. It is 
a translucent substance which does not conduct electricity. The 
boiling-point of the solutions indicates a molecule AS4. 

3. Black arsenic is slowly precipitated from carbon disulphide 
solutions of the yellow variety, and is also the first product of the 
transformation of the solid form of this substance in the cold. 
It differs from metallic arsenic in its smaller density (4*b), by being 
translucent, in its greater resistance to oxidation by air or nitric 
acid, and by not posses.sing the power of conducting electricity. 

Amorphous arsenic is obtained as a browm powder by reducing 
arsenic com])ounds with such substances as stannous chloride or 
sodium hydrosulphite. It is an amorphous substance of variable 
density — ^4*0 is a representative value. 

At atmospheric pressure and near the sublimation temperature 
the vapour of arsenic consists chiefly of tetra-atomic m(3le('ules, but 
if the pressure is reduced or the temperature increased, the mean 
molecular weight diminishes and single atoms make their appearance. 
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]/ike phosphorus, arsenic can be made to exhibit phosphorescence 
\\hen heated in air or oxygen, but the phenomenon is less con- 
^]ncuous and a temperature of 200° is necessary. If heated in air 
01 (ixygen, arsenic bums to form the trioxide AsgOg. 

The standard electrode potential of metallic arsenic is about +0-3 
volt, so it will not dissolve to any considerable extent in acid 
solutions, unless these have an oxidizing action. By boiling 
^ mu'cntrated sulphuric acid, or by nitric acid, it is converted to 
tli(* trioxide or to arsenic acid. It will not combine with hydrogen, 
unless nascent, but it combines energetically with the halogens. 
Arsenic will deposit the metal from solutions of salts of silver, 
( oj^per, gold, or mercury. 

Arsenic hydride, arsine, AsHg. — This is the only known hydride of 
ur-,(Miic, though organic derivatives of the hypothetical hydrides 
AsjjHo and AS2H4 are well known. It is obtaincxl by the action of 
nascent hydrogen on arsenic, which may be ])resent as the I'lement 
ttr in solution as arsenious acid. The product of this reaction 
contains a largti ])roportion of hydrogen, and the pure gas must 
he obtained by the action of acid^ on arsenid('s; the arsenides of 
sodium and calcium have been recommended. 

Na,As I 3H- - AsH, f d 3Na-. 

The product of this reaction also contains hydrogen. It is first 
Tried and then condensed in a freezing-mixture at about —90°, 
which allows the hydrogen to pass on. 

Arsine is a colourless gas with a repulsive smell resembling 
that of garlic. It is intensely poisonous even in great dilution, 
and has caused the death of more than one investigator. It can 
be condensed to a liquid at ~55°; this liquid freezes at —113°. 
The gas is scarcely soluble in water and is little affected by acids 
or alkalis, but it dissolves freely in turpentine. It is unstable, and 
when heated to 200° or so, or exposed to sunhght, decomposes 
into its elements. The decomposition is accelerated by various 
catalysts: even pure arsine slowly decomposes in the dark or in 
the light. The decomposition of arsine by heat is the basis of the 
celebrated Marsh test for arsenic (p. 646). It is readily converted 
to water and arsenious or arsenic acid by oxidizing agents, and can 
be absorbed by a solution of silver nitrate, from which it precipitates 
silver : 

AsHg+^Ag -|-3H20~As03'"+6Ag \ +9H . 

Arsenides. — A large number of these compounds occur native 
in an impure form, e.g. AggAs, CoAs.^. In the laboiatory they are 
usually prepared by direct combination, either by heating the 
element with arsenic or by passing the vapour of arsenic over the 

*x 
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element, but occasionally arsenates are reduced; thus calcium 
arsenide, CugAsg, is prepared by heating calcium arsenate with coke 
in the electric furnace (compare calcium phosphide). The arsenides 
are usually dark-coloured solids, sometimes transparent. The 
arsenides of the alkali-metals, alkaline-earth metals, and aluminium 
are sufliciently soluble to be decomposed by water into arsine and 
hydroxides, the other arsenides are mostly insoluble in water, but 
arc oxidized to arsenates by hot nitric acid. 

Oxides of Aksenic. — The principal oxides of arsenic are the 
sesquioxide or trioxide, As./)^, and the pentoxide, As.^Ogi a tetroxide, 
AS2O4, IS also known. I'lie formulae giv('n are empirical. 

Arsenic trioxide, arsenious oxide, As-^Og, is formed when arsenic 
burns in air or oxygen, but the arsenious oxide of commerce is a 
by-product of the extraction of certain metals, notably tin, from 
their arseiiic-containiug ores. The vapours from the roasted ore 
contain sulphur dioxide and arsenious oxide, and the latter is caused 
to settle in a dust-collecting plant and purified by sublimation. Pure 
arsenious oxide can be precipitated from a solution of pure sodium 
arsenate l)v sul])hur dioxide: 

2As0j'"-k2S02d Hp-Asopgl 4*2S0,"-f 20ir. 

I'hc oxide exists not only m the crystalline form, but as an under- 
cooled licjuid called vitieous arsenic tnoxide, obtained by con- 
densing the vapour on a relatively hot surfa(‘e. Both forms ait‘ 
colourless. The vitreous form slowly reverts to the crystalline 
form on keeping, though by the exclusion of air the transformation 
can be almost indefinitely retarded. The crystalline oxide sublimes 
on heating, but the vitreous oxide melts and then boils. The 
vapour density at fairly low temperatures corresponds with the 
formula AsP^, but at higher temperatures molecules of AsgOg are 
found in the vapour; the crystal unit, as determined bv the X-ray 
method, also corresponds with a molecule AsPg. 

Arsenious oxide is slightly soluble in water, and the unstable or 
vitreous form has a markedly higher solubility than the crystalline 
form. At room temperature the solubilities are about 37 and 17 
gm. per litre n'spectively, and the solubility increases with the 
tempera! me. The oxide is amphoteric, and is more soluble in 
acids or in bases than in water. The aqueous solution has weakly 
acid properties, and is said to contain arsenious acid, H^AsOg. It 
is monobasic, and the dissociation-constant is of the order 
so the acid is very weak. 

Arsenious oxide can be reduced to arsenic by heating in hydrogen 
or carbon monoxide, but arsenious acid and the arsenites arc fairly 
powerful reducing agents, being converted to arsenates: 

As03'"-f0-5^As04'". 
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Arsenites. — The complexity of these compounds recalls that of 
rhe oxyacids and salts of phosphorus. The arsenites of the alkali- 
iiit'tals and ammonium are obtained by dissolving the oxide in the 
base and are soluble in water; they are used in volumetric analysis 
as reducing agents, particularly for the titration of iodine, but the 
solution must be buffered: 

As 03 ^"+I,+H 20 =As 0 /"+ 2 r+ 2 H-. 

reiiuciales or iodates can also be reduced to iodides. With neutral 
solutions of silver nitrate a precipitate of yellow silver orthoarsenite, 
AggAsO^, is obtained, but if sufficient ammonia is present the silver 
nitrate is reduced to silver: 

As0;"+2Ag- + H20-As()/" + 2Ag | H-2H'. 

It is obvious that the reduction will be favoured by an alkaline 
solution. 

Sodium arsenite is obtained in solution by dissolving arsenious 
o\ule in caustic soda. If the arsenites of sodium are required pure 
and anhydrous, they may b(^ prepared as follows: 

1. Sodium orthoarsenite, NagAsO.,, is insoluble in alcohol, and is 
obtained by heating arsenious oxide with alcoholic caustic soda 
and extracting with alcohol. 

2. Sodium metarsenitc, NaAsOg, is prepared by dissolving 
arsenious oxide in a hot solution of .sodium carbonate until no more 
action takes place : the solution is then evaporated to dryness. Both 
these salts are soluble in water. The solutions have an alkaline re- 
action from hydrolysis, and if acids are added to them arsenious 
oxide IS precipitated; even a solution of carbon dioxide is acid 
enough for the purpose. When required for reducing purposes the 
M)lutions are therelore usually kept alkaline. 

Copper arsenite can be obtained as a precipitate of variable 
composition from a solution of coj^j^er sulphate and a solution of 
arsenious oxide in potassium carbonate. It was formerly used as 
a green pigment under the name of ' Scheele's green,* but the 
sale of pigments containing arsenic is now illegal in most countries. 

Arsenio tetroxide, As^Og, is obtained by heating the trioxidc and 
the pentoxide in equimolecular proportions. No series of salts is 
derived from it. 

Arsenic pentoxide, AS4OJ0, is obtained by the oxidation of the 
trioxide. The operation is usually carried out by boiling this 
substance with concentrated nitric acid. When the action is over 
the Liquid is decanted and the residue freed from water and nitric 
acid at a low red heat. 

The pentoxide is a white powder which, like arsenious oxide, can 
also exist in the vitreous or undcrcooled condition. It decomposes 
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on heating to about 400° into oxygen and arsenious oxide, which 
volatilizes; this decomposition takes place before it melts. The 
solid is hygroscopic and dissolves in water to form a solution 
said to contain arsenic acid, H3ASO4, but it has not the exceptional 
drying properties of the pentoxide of phosphorus. Whether in 
the dry state or in solution it is an oxidizing agent. It can be 
reduced to arsenic by means of hydrogen. 

The pentoxide dissolves only slowly in cold water, but more 
rapidly on heating, though the solubility is high at all temperatures, 
and the saturated solution has a density of more than 2. Arsenic 
acid is rather weaker than orthophosphoric acid. The first dis- 
sociation-constant is about 5Xio~^, and the second and third 
constants lower than the corresponding values for phosphoric acid ; 
the acid can be titrated a*^ a monobasic acid with methyl orange 
and as a dibasic acid with phenolphthalein. Solutions of the 
arsenates are therefore considerably h^^lrolysed. 

Arsenates can be reduced to arsine b\’ nascent hydrogen in acid 
solution : 

H3ASO4+8H-ASH3 t +4H,0, 

but in alkaline solution this reaction will not take place — this is 
one of the distinctions between arsenates and arsenites. The 
oxidizing power of the arsenates is not very great ; they will liberate 
bromine or iodine from acid solutions of bromides or iodides, but 
with chlorides the reaction is far from complete. As already noted, 
sulphur dioxide precipitates arsenious oxide from arsenate solutions. 
Hydrogen sulphide precipitates arsenic pentasulphide from acid 
solutions: 

2As04'"-f6H*+5lLS-As2S5 ; +8H2O, 

but if the temperature is raised, arsenic trisulphide and free sulphur 
also make their appearance. 

Arsenates. — These compounds are usually obtained by the 
interaction of arsenic pentoxide with a base, but they may also 
be prepared by oxidizing arsenic in the presence of suitable salts, 
e.g. potassium arsenate can be obtained by heating arsenic with 
potassium chlorate, or arsenious oxide with potassium nitrate. 
Orthoarsenates derived from H3ASO4, pyroarsenates derived from 
H4AS.2O7, and metarsenates derived from HASO3, are all known. 

Disodium hydrogen orthoarsenate, Na2HAsO4.7H.jO, is prepared 
on the commercial scale by heating a mixture of sodium arsenite 
and sodium nitrate in a furnace. It can also be made from arsenic 
acid and sodium carbonate solution. It is a colourless compound 
used in calico-printing; like all the arsenates of the alkali-metals 
and ammonium it is soluble in water. 

When treated with hot nitric acid .solutions of ammonium 
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molybdate, arsenate solutions all deposit yellow precipitates 
consisting of complex arsenomolybdates. In this the arsenates 
resemble the phosphates, but they can readily be distinguished 
from the phosphates by their oxidizing powers. 

Arsenic Halides. — In these compounds the intermediate 
( haracter of arsenic between the non-metal phosphorus and the 
mentals antimony and bismuth is very clearly marked. Arsenic 
lorms trihalides with all the halogens, a pentafluoride, and a di- 
lodidc, and perhaps a monoiodide. The melting- and boiling-points 
ol the halides are as follows: 



AsF^ 

AsCl^ 

Asfir^ 

Asf, 

AsF, 


M(^l ting -point 

-S''"' 

-18° 


i 4 (>° 

! 

GO 

0 

0 

130*^ 

l">oiling-point 


130° 


(400“) 

- 53 " 

380" 


The Pkincipai. Halides of Arsenic 


They are all decomposed by water, except the tri-iodide, which is 
fairly stable in solution: as with the corresponding compounds of 
filiosphorus, the first products are oxyhalides and the final products 
an oxyacid and a hydrogen halide. 

Arsenic trifluoride, AsFy, can be prepared by union of the elements, 
but the preparation of fluorine can be avoided by distilling a mixture 
of calcium fluoride and arsenious oxide with concentrated sulphuric 
acid. It is a colourless volatile liquid with a peculiar smell. As it 
is fairly easily obtained, it is sometimes used in the preparation of 
fluorides of other elements, e.g. of phosphorus (p. 633). 

Arsenic pentafluoride, AsFg, is obtained by the continued action 
of fluorine on the trifluoride. It is a colourless gas which is 
decomposed by water. 

Arsenic trichloride, AsClg, is the most important of the halides 
of arsenic, and was once known as ‘ butter of arsenic.' Arsenic 
burns when gently heated in chlorine gas (if finely divided it takes 
fire spontaneously), and the trichloride can be obtained by the 
action of chlorine on the element or on many of its compounds, 
such as the trioxide. If the element is used the operation is usually 
carried out in a retort, and the trichloride purified by distillation. 
The volatility of the trichloride allows arsenic to be removed in 
this form from solutions, and this was formerly made use of in one 
process for the de-arsenification of sulphuric acid, but it is now more 
usual to remove the arsenic from the reactant gases. 

Arsenic trichloride is a colourless fuming liquid of density 2*2. 
Its vapour has a density corresponding with the formula AsClg. 
As the hydrolysis of the trichloride produces arsenious acid the 
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vapour of this substance is extremely poisonous. The liquid is a 
non-conductor of electricity, but it forms ionized solutions with 
such salts as will dissolve in it : in this it resembles hydrogen chloride 
The reaction with water: 

2 A SCI3 + 3H2O A S2O3 f 6HC1, 

is to some extent reversible, since arsenious oxide is much more 
soluble m concentrated hydrochloric acid than in water: the addition 
of water to arsenic trichloride may or may not produce a precipitate 
of the trioxide, according to the temperature and the proportioiis. 
The trichloride will dissolve large quantities of chlorine, especially 
at low temperatures, but it is all given off again on heating, an I 
the hydrolysis of such a solution produces no arsenic acid, only 
arsenious acid. This and other evidence makes the existence ol 
a pent a chloride unlikely. 

It IS interesting to note that the biomnie or iodine in electrovalcnt 
bromides or iodides will displace chlorine from arsenic trichloride 
when bromides or iodides are heated with this compound. The 
reaction is not alwa3^s complete, but the most electronegative of the 
three halogens — i.e. chlorine — most readily enters into clectrovalent 
combination. 

Arsenic iodides. — Like phosphorus, arsenic fonns both a tri- 
iodide and a di-iodide, AS2I4. Each iodide can be obtained by 
direct union of the elements in suitable conditions, the former in 
carbon disulphide, the latter in a sealed tube at 230°. The tri-iodide 
is a red solid which is less affected by water than the other halides 
of arsenic, and can be recovered unchanged from solutions in 
hydriodic acid. The di-iodide, which fonns red crystals, is less 
stable than the tri-iodide, is readily oxidized in the air, and is 
decomposed by water with the precipitation of arsenic, the first 
stage of the reaction being: 

3AsJ4=^4Asl3H 2 As | . 

The molecular weight of arsenic di-iodide in carbon disulphide 
solution is found to correspond with the formula AS2T4. 

Arsenic Suleiiides. — Arsenic forms three well-defined sulphides 
with the formulae As^Sg, and AS4S4, and other sulphides have 

been described. 

Arsenic trisulphide, As4Sg, is found native in many parts of the 
world, and is known as orpiment. It is used as a pigment, and is 
manufactured for this purpose by sublimation of a mixture of 
arsenious oxide and sulphur. In the laboratoiy it can be prejiared 
by precipitating arsenious solutions with hydrogen sulphide. If 
the solution is acid a yellow precipitate is obtained, but in neutral 
solution the product is a stable colloidal solution of the trisulphide: 
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sdliilions of tliis substance and of antimony trisulphide are so 
prepared that they have been used for many experiments 
dU colloid^. 

The trisulphide is easily oxidized by heating in the air, with 
production of the trioxide, but if heated in the absence of air it 
melts at about 320° and boils at about 700 \ It is not among the 
h ast soluble of the sulphides, and is slightly hydrolysed by boiling 
w.iUT, while concentrated acid solutions liberate from it hydrogen 
Milpliide. It is easily oxidized by nitric acid. It dissolves in a 
solution of ammonium polysulphide, forming a thioarsenite (see 
h(‘low), and this is made use of in analytical chemistry for the 
■‘cparation ot arsenic (and antimony) from other elements. It is 
also soluble in caustic alkalis: the solutions contain compounds in 
which the oxygen of the arsenites has been partly or wholly replaced 
sulphur, and which are therefore called thioarsenites. A large 
number of such coTTi])ounds is known, corresponding with the various 
ars(‘intes, and produced by reactions similar to the following: 

As,S,.-|-40H'- jAsS./-| As02'-f2lf,p. 

Arsenic pentasulphide ('an be precipitated by hydr(\gen sulphide 
ironi cold very acid solutions of arsenatc'.s: 

2AsO;"-+bH-+5lLS-AsoS, | +811,0. 

If hydrochloric a ( id is used it must be cautiously mixed with the 
arsenate solution, for chlorine is ev(jlved if the temperature rises 
too high. 

The ])cntasulphide resembles the trisulphide in appeal aiice, and 
when heated to about 500''' yields the trisulphide and sulphur. 
I h'ated in air at lower tem]:)eratures it slowly becomes covt^red with 
arsenious oxide, and it is hydrolysed by boiling, but not perceptibly 
by cold water. It dissolves in alkaline solutions to form thio- 
irsenates which bear the same relation to the arsenates as do the 
thioarsenites to the arsenites; they a.re derived from such acids 
as IlyAsS^, HAsS,, and H^AsgS-. 

Arsenic disulphide, As^S^, occurs native as realgar in many parts 
of the world, and is used as a red pigment. It can readily be made 
artificially by distilling a mixture of sulphur with excess of arsenic. 
The colour of the product, and hence its commercial value, depend 
on the relative proportions used and on the other details of the 
preparation. 

It is a red or reddish-yellow solid which melts at 310°, boils at 
5b5°, and can easily be sublimed in the absence of air, but if strongly 
heated in air it burns. The vapour is yellow and can be shown by 
vapour-density measurements to be composed of AS4S4 molecules at 
temperatures not far above the boiling-point. It is insoluble in 
cold water and decomposed by boiling water. 
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Physiological Action of Arsenic. — AU the soluble compounds 
of arsenic are virulent poisons, and arsenic in various forms has 
been used by poisoners for centuries, usually in the form of ‘ white 
arsenic/ arsenious oxide. Immunity can be gained by small doses 
gradually increased, and in some parts of Europe (e.g. southern 
Austria) the practice of arsenic-eating is believed to improve the 
health. Once acquired, the habit cannot safely be relinquished, 
and it is ‘^aid that einploj'^ees in arsenic works are obliged to take 
arsenic with them when they go on holiday, as they otherwise 
suffer in health from the lack of the small quantities that normall'; 
enter their system. Organic compounds of arsenic are administered 
in small doses in medicine. 

Detection and Estimation. — Arsenic is lortunately among the 
most easily recognized of poisons. The bodies of those who have 
died from its administration are often well preserved, a fact that 
can be attributed to the toxic effect of the arsenic on the bacteria of 
tlecom position. Arsenic can be separated from organic matter by 
heating the latter with excess of sodium chloride and a little con- 
centrated sulphuric acid; the arsenic distils over as the volatile 
arsenic trichloride, which is received in water. Hydrogen sulphide 
then jirecipitates the trisulphide from the solution. If only small 
quantities of this substance are obtained they can best be estimated 
by the well-known test first described by Marsh (1836), and named 
after him. 

In this test the solution suspected to contain arsenic is added to 
a solution in which hydrogen is being generated. The arsenic is 
converted to arsine, AsHg, and if the issuing hydrogen is heated in 
a combustion-tube the arsine will be decomposed into its elements 
and a stain of arsenic will appear on the glass. The hydrogen was 
formerly generated from zinc and hydrochloric acid, but an electro- 
lytic method is now almost universal. However pure the zinc 
used, it was never possible to prove with absolute certainty that 
the pieces used in the test really contained no arsenic, even though 
a number of other pieces from the same sample contained none. 
In the electrolytic method the hydrogen is generated by the electro- 
lysis of dilute sulphuric acid with a mercury cathode. These 
substances are both liquids, and if the apparatus gives a blank 
result before the suspected solution is introduced it cannot be 
suggested that any arsenic found was originally present in the 
reagents. 

'fhe anode and cathode compartments are separated by a porous 
diaphragm, and the whole cell is immersed in a cooling bath to 
prevent the premature decomposition of any arsine. The hydrogen 
issuing from the cathode compartment is dried by calcium chloride 
and then pa.sses into the combustion-tube, a section of which 
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is electrically heated. A mirror, if any is obtained, will appear 
:it this place. Any antimony present in the solution will fonn 
a mirror together with the arsenic, but it can be distinguished 



by its iiisohibility in a hypochlorite solution. The quantity of 
arsenic present is (‘stimated by comparing the mirror with other 
mirrors made from known quantities of arsenic. 


Antimony 

Sb= 121*76. Atomic Number, 51 

History. — jEZEni-L painted her eyes with stibium (Sb^Sg;, but is 
not to be regarded as an innovator of fashion, since the custom was 
widespread in ancient Egypt and the civilizations of Mesopotamia. 
Objects of metallic antimony dating from some thousands of yQurs 
before Christ have been excavated, and the Moslem alchemists were 
well acquainted with methods of preparing the element from its 
sulphide, which they called A"?//?/ or kohol. The name ‘ antimony ' 
is probably derived from the Greek dvSeiiojviov, anthemonion, 
which was given to antimony snl])hide on account of the petal-like 
appearance of the crystals in the naturally-occurring mineral. 
Basil Valentine, a pseudonymous writer of the early seventeenth 
century, made a thorough investigation of antimony and many of its 
compounds, and published his results in the celebrated monograph. 
The Triumphal Chariot of Antimony, ‘ Rutter of antimony ' 
(SbClg) was prepared by Glauber, who correctly interpreted the 
reaction between mercuric chloride and antimony sulphide, while 
powder of Algor oth (so named after Algarotto, about 1680, who 
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used it in medicine) was credited with wonderful cjualities of re- 
juvenating power by Paracelsus (1403-1541). 

Occurrence and Extraction.— Antimonv is not a very abundant 
element. It occurs native, but the deposits arc of no importance, 
and the principal ore, called atibnite, is the trisulpliicle SboS^. 
Antimony ores occur in many parts of the world, including North 
and South America, China, and Franco. 

Unless the ore is an unusually rich one it must be concentrated 
before the reduction of the sulphide to the metal is attempted. This 
IS usually done by melting the sulphide in perforated pots, through 
winch it drips into vessels placed to receive it, while the infusible 
imjmrities are retained. Several methods arc available ffir the 
recluction of the sulphide. In one method the sulphide is heated 
with iron: 

SbjSa-l jl'e =2Sb |-3l'eS. 

('onnnon salt is atldcd to the mixture to j^rodiice a liejuid slag with 
the ferrous sulphide; this slag forms an upper layer which can be 
removed. In another pirocess the sulphide is raised to a high 
lernptTature in a current of air, to which steam may bo acUled, and 
is thereby converted to the volatile trioxide Sb^O,^, which is collected 
in rcceivxTS. This trioxide is reduced to the metal by heating with 
coal, but to prevent its volatilization at the temperature necessary 
a Ilux such as sodium sulphate is added which forms a licjuid slag 
under which the metal collects. F)lectrolytic processes have also 
been devised. 

Uses and Refinement. — Metallic antimony is chiefly used in the 
manufacture of type-metal and other cast alloys, to which it 
gives hardness. 

C'ornmercial unrefined antimony seldom attains a high degree of 
])urity, and the metal is usually refined by fusing it in crucibles 
with various substances, such as caustic soda, to remove sulphur, 
or common salt to remove the more volatile chlorides. In the 
laboratory the purest antimony is prepared from antimony penta- 
chloride, SbClg, which is first distilled under reduced pressure, then 
allowed to react with concentrated hydrochloric acid, with which 
it forms a compound chloroantimonic acid, a complex of hydrogen 
chloride, antimony pentachloride, and water. This substance is 
precipitated in the cold, and by recrystallization from concentrated 
hydrochloric acid can be obtained very pure. A dilute solution of 
ammonia converts it by hydrolysis to antimonic acid, which is 
heated, mixed with potassium cyanide as reducing agent, and 
melted in a crucible. The resulting mass of antimony is then ready 
for use. 

AUotropic Forms. — This element exists in four distinct 
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fonns, and like other metals can also be prepared in the colloidal 
state. 

Grey or ordinary antimony is a stable crystalline substance with 
a density of 67, and metallic conductivity. 

Yellow antimony is much less stable than the corresponding 
\arieties of phosphorus and arsenic, and very low temperatures 
are required for its preparation. It can be obtained by passing 
oxygen and antimony hydride into liquid ethane at —too'': 

4SbH3-} 30o=4Sb| +6H2O, 

and blackens rapidly even at very low temperatures. 

Black antimony. — This form is unstable at room temperature, 
and can be obtained by rapidly cooling antimony vapour, prefer- 
ably on a surface cooled with liquid air. It is chemically more 
reactive than the ordinary variety, and is oxidized at a much lower 
temjHTatiire by the air, and is also less dense (density 3-3). It 
reverts to the grey variety on heating. 

Amorphous or explosive antimony is an impure form obtained 
on the cathode by the eh'ctrolysis of concentrated solutions of 
antimony trichloride in hydrochloric acid. It is always associated 
with a small percentage of the chlorid(‘. It can be kept indefinitely 
at room temperature, but if heated to 123^’ or over, or if sharply 
struck or even scratched, it grows hot and reverts to the crystalline 
form, simultaneously emitting fumes of antimony trichloride. It 
has be(m shown by the X-ray method to be amorphous. This 
variet y is unstable at all temperatures; its density is 5-8. 

General Properties. — Ordinar}" antimony is a soft grey metal which 
nu'lts at 630° and b(hls at 1323", with elec trical conductivity about 
4 per cent of lliat of silver. The vapour density corresjionds 
with Sb^ at low temperatures and with Sb above 2000°. Its stan- 
dard electrode ])otential is probably rather less than tliat of bismuth, 
and may be about +0*2 volt; it is in any case not far from that 
of h3^drogen, and antimony will not dissolve in hydrocliloric or 
sulphuric acids, whether concentratt‘d or dilute, in the cold. 

Antimony will burn in air or oxygen, forming the trioxide, but 
it must be strongly heated first. In the presence of water the metal 
can be oxidized at a lower temperature — c.g. by blowing air through 
a suspension of the finely-divided metal in boiling water. Antimony 
reacts very vigorously with the halogens, and less vigorously with 
])hosphorus and sulphur, but it will not cc^mbinc directly with 
liydrogen at any temperature. It is a less effective reducing agent 
than arsenic, and wiU not, for example, reduce solutions of 
mercuric salts. 

Antimony hydride, stibine, SbHg. — This is the only known 
comjiound of antimony and hydrogen. It can be produced by the 
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action of nascent hydrogen, either electrolytic or from zinc and 
acids, on antimony compounds, these methods being very similar 
to those used for the preparation of arsine, but is more generally 
prc{)arcd by the action of dilute acids on an alloy of antimony and 
magnesium. This substance, prepared by lieating the metals 
together in a stream of hydrogen, is placed in an apparatus not 
unlike that used in the preparation of tlie hydrides of boron (p. 522). 
and is gradually added to an excess of dilute hydrochloric acid, 
kept at 0° to minimize the decomposition of the product. The 
issuing gas consists of stibine with a large excess of hydrogen; it 
is washed, dried, and passed through a condenser cooled with 
liquid air, in which the stibine collects. It may be purified by 
fractional distillation at a low temjierature. 

Stibine is a colourless gas which can be condensed to a liquid at 
— ly'" and to a solid at -—88°. It has a peculiar smell and is probably 
as dangerous a poison as arsine. It is an unstable gas which even 
at low temperatures readily decomposes into its elements, the 
change taking place for the most part on the walls of the containing 
vessel (comjiare the much stabler phosphine). Consequently it can 
be kept for a few days at longest. It is decomposed by heat even 
more easily than aisine, and antimony compounds give a positive 
result in Marsh's test (p. 646), though the antimony mirror can 
without difficulty be distinguished from arsenic by its insolubility 
in hypochlorite solutions, and by other methods. vStibine is not 
very soluble in water, but it can be absorbed by solutions of silver 
nitrate, from which it precipitates silver, antimony, and other 
substances. 

Antimonides. — These substances are usually prepared by union 
of the elements, but a few of them occur native. They resemble 
the arsenides, but are less stable towards air and water; some of 
them can be ignited by percussion. 

OxiDKS OF Antimony. — Antimony forms a trioxide, a tetroxide, 
and a pentoxide; these compounds having the formulae Sb^O^, 
SbaO,,, and SbgOg. 

Antimony Ixioxide, antimonious oxide, Sb^O^, is one of the 

products of combustion of the metal in air or oxygen at compara- 
tively low temperatures, but con.siderable quantities of other oxides, 
notably the tetroxide, are produced at the same time; and as this 
also applies to the roasting of the sulphide, a wet method of pre- 
paration is usually preferred. Solutions of cantimonious salts may 
be precipitated with ammonia: 

2Sb** -fGOH'^SbgOg; +3HA 

but if caustic alkali is used the precipitate is soluble in excess, 
forming an antimonite solution. 
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The trioxide is a colourless solid which melts at and boils 
at above 1500"; in the absence of air it can be distilled. The 
vapour density corresponds with the molecule Sb40e, but this 
dissociates at very high temperatures. When strongly heated in 
ail the trioxide bums with the formation of higher oxides. It is 
nearly insoluble in water — only o-i gm. per litre at lOo'" — so 
antimonious acid cannot be directly prepared from it. The trioxide 
IS, however, soluble in either acids or bases, and is amphoteric. 
Like arsenic trioxide, it can be reduced to the metal bv heating in 
a current of hydrogen, but it is a less vigorous reducing agent. By 
fusion with sodium or potassium nitrate an antimonate is obtained. 

When antimony trioxide is boiled with a solution of potassium 
hydrogen tartrate, a solution of potassium anlimonyl tartrate, 

‘ tartar emetic,’ (K(Sb0)C4H40(,)2.H20, is obtained. This is one 
of the commonest compounds of antimony, and is used in medicine 
as an emetic, but in quite moderate doses it is a dangerous poison. 
It is also used as a mordant. 

Antimonious acid and the antimonites. — Compounds of antimony 
trioxide and water have been obtained by indirect methods, and 
may be classified as ‘ antimonious acids.’ Antimonites may be 
obtained without difficulty by treating the trioxide with bases 
either in the solid .state or in solution. The considerable hydrolysis 
of these solutions indicates that antimonious acid, as would be 
exjiected from the amphoteric nature of the trioxide, is a very 
weak electrolyte. Tlie antimonites are less stable and less imj)ortant 
than tlie arsenites. 

Sodium aniimonitc, NaSb02.3H20, is obtained by boiling the 
trioxide with concentrated caustic sc^la: 

Sb A +4NaOI r =4NaSb02 +2H2O, 

and IS one of the few sodium salts to be nearly insoluble in water 
(see also sodium antimonate) ; it is, however, hydrolysed by boiling 
water. 

Antimony tetroxide, Sb204, is the oxide of antimony most stable 
in air in the region 6oo°-70o", and is prepared by prolonged ignition 
of either of the other oxides at this temperature. Overheating 
leads to loss of oxygen and formation of trioxide. The tetroxide 
is a colourless solid which decomposes before it melts. It is not 
markedly soluble in water or in acids, but when fused with alkalis 
it forms a series of compounds, with formulae such as K.^Sb^Og or 
KgSb^Og, called the hypoantimonates. Some of these arc soluble 
in water and yield solutions with oxidizing powers; they will, for 
example, liberate iodine from acid iodide solutions. This power 
of forming a series of salts distinguishes the tetroxide of antimony 
from that of arsenic. 
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Antimony pentoxide, SbgOg, is precipitated when a solution of an 
antimonate is acidified, preferably with nitric acid, and can also be 
prepared by boiling one of the low'er oxides with concentrated nitric 
acid and evaporating once or twice to dryness with fresh acid. TIu* 
residue must not be heated to too high a temperature or it loses oxygen 
to form the tetroxide, but it tenaciously retains w\ater, so it must be 
dried by careful and prolonged ignition at rather less than 400"". 

It is a pale yellow substance wiiich darkens on lieating and 
decomposes before it melts. It is only slightly soluble in w’ater, 
nor does it readily dissolve in acids, but it will dissolve slowdy in 
solutions of the caustic alkalis, forming antimonates. Its small 
solubility in water distinguishes it from the pentoxide of arsenic. 

Antimonic acid and the antimonates. — I'he formulae of these 
salts differ from those of the phosphates and arsenates, b(‘cause 
antimony readily b(‘Comes six-covalent (cf. stannates and plumbates). 

Potassium antimonate, KSb(OH)e.iHnO, is prepared by fusing 
the pientoxide wuth caustic ])otash, or by fusing potassium antimonyl 
tartrate with potassium nitrate and recrystallizing the product from 
w'ater, in w'hich it is not very soluble. 

Sodium antimonate, NaSb(OH)({, is one of the few nearlv insoluble 
salts of sodium, and is sometimes used in analysis. It is precipitated 
when sodium salt solutions are mixed with solutions of potassium 
antimonate, and when dried at 100° has the composition showTi by 
the formula. 

Antimonic acids of various formulae are precipitated by acidifying 
solutions of these and other antimonates; they are weak acids only 
slightly soluble in water. The acids and their salts are feeble 
oxidizing agents which will liberate iodine from acid iodide solutions. 

Antimony Halides. — 'J'he melting- and boiling-points of the 
])rincipal halides of antimony are shown in the following table: 



SbF, 

ShCl^ 

SbBy^ 

Shl, 

SbF, 

SbCl, 

Molting-point 

Boiling-point 

200^" 

subl. 

221^ 

oo" 

2S8° 

Ibp 

( 4 '>o‘') 

P 

150° 

5 " 

clecomp. 


The I’RiNcirAL Haeides of Antimony 


They can all be prepared by direct combination, which is always 
accompanied by the evolution of heat and light. They are very 
hygroscopic substances, and with the exception of the tri-iodide 
are colourless. They are all very soluble in water, and are less 
easily hydrolysed than the halides of arsenic, for it is often possible 
to recover them by evaporation of their aqueous solutions if these 
are sufficiently concentrated. By warming in the air they are 
readily converted to oxides or oxyhalides. 
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They are more salt-like in character than the halides of arsenic, 
but have many covalent properties. Thus they are poor conductors 
of electricity and are soluble in or^^anic solvents, while they are 
miK'h too volatile to be true salts. 

Antimony trifluoride, ShTg, is prepared by dissolving; the trioxide 
in hydrofluoric acid and evaporating until crystals begin to appear. 
Like all fluorides which are easily hydrolysed, it cannot be kept in 
glass vessels; gutta-percha or celluloid is usually ])rcferred lor this 
purpose. It is a colourless solid which does not fume in the air, 
,uid can be recovered from its solutions (it is exceedingly soluble in 
water) by evaporation, but it is slowly hydrolysed by moist air. 

It readily forms complexes with many classes of substances, 
including gaseous ammonia and the fluorides of the metals; thus 
with potassium fluoride it forms a compound, KSbF4, very soluble 
in water, and yielding in solution the ion SbF4'. 

Antimony pentafluoride, Sbb'^, prepared by union of the elements, 
IS a colourless and very hygroscopic liquid. It is very soluble in 
water, which does not immediately hydrolyse it, at any rate in the 
c(jlrl, since the solution remains clear. The boiling-point of this 
substance is more than 200° above that of the corresjionding 
compound of arsenic. 

Antimony trichloride, SbClg, once called ‘ butter of antimony.' 
can be obtained by dissolving antimony trisulphide in concentrated 
hydrochloric acid; 

Sb.,Sg+6HCl-:2Sba3+3H2S f . 

but is best prepared by the action of chlorine on antimony, which 
proceeds vigorously at ordinary temperatures. The pentachloridr* 
is usually produced at the same time; this is reduced by boiling 
the product with powdered antimony, and the trichloride is then 
purified by distillation, which mav be followed by recrystallization 
from carbon disulphide. 

Antimony trichloride is a colourless, very hygroscopic solid 
which absorbs water from the air to form a turbid liquid containing 
various oxychlorides. By treating it with a suitable (quantity ol 
water the oxychloride SbOCl can be obtained; this is, however, 
soluble in hydrochloric acid ; 

SbO+HVSb'”+OH', 

and antimony trichloride dissolves in the concentrated acid un- 
changed. From its concentrated aqueous solutions it can also be 
recovered by evaporation. It forms complexes with one, two, 01 
three molecules of ammonia per molecule of trichloride, and with 
numerous other substances. The density of its vapour shows it 
to have the formula SbClg. 

Antimony pentachloride, SbClg, is obtained by the action of 
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chlorine on the metal or the trichloride. The excess of chlorine 
is removed by a current of dry air and the product purified by 
distillation in a vacuum. It is a colourless, very hy/:^roscopic Ikiiiid 
which fumes in the air. With a little water it forms a crystalline 
hydrate, SbClg.H.^O, from which the water can be removed by 
careful lieatiiif; under reduced pressure, but it is irreversibly hydro- 
lysed bv ('xcess of water. Like phosphorus pentachloride, it suffers 
on heatiiif^ a reversible dissociation into the trichloride and chlorine 
This takes ])lac(‘ considerably below the boilint:;-point, lint the 
pentachloride can be distilled unclianf^^ed at ()o"- 7 ()'' under low 
])ressure. With chloruh' solutions it forms stable complex ions 
SbCl^/, and the corresiionding salts, such as KSbCl^,, arc called the 
cliloroantimonates. 

Antimony tri-iodide, SbL^, is obtained ]:)y treating a carbon 
disulphidt^ solution of iodine with excess of antimony, liltering and 
evaporating the solution. It occurs in three different crystalline' 
forms, of which two are yellow and one red. When heated in the 
air it loses iodine and forms an oxyiodide. It is decom])osed by 
water, but dissolves without chang(‘ in solutions of hydrogen 
iodide, and is soluble in various organic liquids, from which it can 
be recrystallized. In certain solvents the tri-iodide is associated, 
but its vapour density corresponds with the simple formula Sblg. 

Oxyhalides. — Of the numerous known oxy halides of antimony, 
only antimonyl chloride, SbOCl, will be mentioned here. It is a 
white crystalline substance, insoluble in water but soluble in 
certain organic liquids, and is obtainable by treating antimony 
trichloride with a carefully regulated quantity of water: 

SbCka HoO^^SbOCl I + 2 HCI. 

The reaction is reversible, and this compound strongly resembles 
bismuth oxychloride (p. ()6o). 

Antimony Sulphides. — Antimony forms a well-defined tri- 
sulphide, SboSg, and also a pcntasulphide, Sli.^jS^, but the existence 
of a tctrasulphide, SbgS^, is uncertain. 

Antimony trisulphide, SboS,,, occurs in nature as stibnite, the 
principal ore of antimony. It can be artificially prepared by heating 
the elements together or by the action of hydrogen sulphide on a 
hot solution of the trioxide in hydrochloric acid. If the solution 
is made very weakly acid (e.g. with acetic acid) and is dilute, a 
colloidal solution is obtained. I'hc precipitation is reversible : 

2Sb*”-l"3H.,S^Sb2S3 j -I 6ir. 

and antimony trisulphide, which is rather more soluble than 
arsenic trisulphide, has been used as a source of pure hydrogen 
sulphide. 

The precipitated sulphide is an orange-red amorphous substance. 
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I iit if heated to over 200° in the absence of air it undergoes a change 
i nd becomes black and crystalline. It melts at 520° and boils at 
nSo°, but burns if strongly heated in the air or in oxygen. Like 
.iisenic trisulphide, which it much resembles, it is slowly decomposed 
[>\ boiling water and dissolves in sulphide solutions or in caustic 
ilkalis. The products are called thioantimonites. 

Antimony pentasulphide, Sb2S.j, is precipitated by hydrogen 
sulphide from solutions of antimony pentoxide in hydrochloric 
a- id (»f carefully chosen concentration (12 per cent), cooled to — 

Hi a freezing mixture. The product of this reaction contains not only 
liic pentasulphide, but also free sulphur, removed by carbon disul- 
phide. It is a brilliant yellow, orange, or browai powder, which on 
warming (7t)°) forms lower sulphides and releases sul])hur, a property 
making it a useful vulcanizing agent for rubber, which assumes the 
iaiiiihar red colour. 

Antimony Sal'is. — d'lie basic properties of antimony trioxide 
are not strong, and antimony forms soluble salts only with the 
anions of the strongest acids; they are all hydrolysed in solution. 
No quinque valent salts arc known, the pentahalides being unmis- 
takably covalent. 

Antimony sulphate, Sb 2(804)3, can be obtained bv dissolving the 
tnoxide in hot concentrated sulphuric acid and cooling. The 
< olourless crystals are washed free from acid wdth xylene. The 
crystals are deliquescent and are hydrolysed m the cold to a basic 
suljihate and by boiling water to the trioxide and sulphuric acid. 
r>v carefully regulated hydrolysis in the cold, antinionyl sulphate, 
(Sb0)2S04, can be obtained (comjiare antimonyl chloride). It is 
a white powder, insoluble in water, but soluble, as might be expected, 
m acids. 

Antimony nitrate, Sb(NO.j)3, cannot be jirepared in aqueous 
■^(Autioii, since it is decom])osed by water, but can be obtained 
by mixing acetone solutions of silver nitrate and antimony tri- 
chloride. 

Detection and Estimation of Antimony. — Many compounds of 
antimony, though not so deadly as those of arsenic, are yet powerful 
poisons, and the detection of traces of this element is of great 
importance. If arsenic is absent. Marsh's test can be used. 
Several methods are available for the separation of antimony 
from arsenic and other elements. One of the best is to dissolve 
the mixed sulphides of antimony and arsenic in a solution of 
sodium sulphide, and to precipitate the antimony from this solution 
as sodium antimonate by the addition of caustic soda and hydrogen 
peroxide ; 

Sb2S3-f'^S"=2SbS./". 

2SbS;/''+2Na*-|-8H262=2NaSb(OH)« j +6S ; -f 40 H'. 
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Alcohol is added to the liquid to reduce the solubility of the j^re- 
cij)i(ate. If other metals are absent, antimony is usually 
precipitated from slightly acid solution by h^^clrogen sulphide as 
the tnsulphide, and this is converted to the black crystalline 
form by healing at 300^" in a stream of carbon dioxide; it is then 
weighed. 


Bismuth 

Bi— 2og*oo. Atomic Number, 83 

History. — Bismuth was unknown I0 the ancient chemists, or, il 
known, was considered to be a kind of lead. The name unsmaih 
was given by J^ulandus (Lexicon Alchcmiac Kidandi, Frankfort, 
i()i2) to a certain metallic sulphide, but the name w^as afterw'ards 
ap})Iicd to a new^ element, bismuth. ‘WisinatlL is derived from 
wis tniU or ic^eissc Masse, while mass or metal; the w w'as changed 
into h for the purpose of writing the name in Latin, from the 
alphaliet of wliich language the letter to is missing. Bismuth and 
its compounds w^ere studied by Paracelsus and Agricola, and 
more especially by Basil Vailntine, but Bei^gman (eighteenth 
(entury) lirst carefully distinguished between it and antimony, 
tin, and lead. The French chemist Lemery (1694) considered 
that bismuth was not a distinct metal, but that it could V)o obtained 
from arsenic and tin. It was Geoffeoy (1753) who first definitely 
jirovcid that bismuth is a specific substance wdth certain similarities 
to lead. 

Occurrence and Extraction.— l^>ismuth is not one of the commonei 
elements, though it occurs in small quantities in many parts of the 
earth. The principal deposits of bismuth arc in Bolivia, where 
the metal is found native and associated with tin. The ores are 
concentrated by wTishing, and a considerable proportion of the 
' concentrate ' so obtained is shiiiped to European poi ts for ex- 
tractioiL Ores containing the native metal are usually treated 
by liquation, that is, the ores are heated with or wdthout the addition 
of a flux (sodium carbonate and lime), and the molten metal is run 
olf at the bottom. Its purity depends greatly on the nature of the 
ore, and it is usually necessary to refine it by one or more further 
lic|uations with suitable fluxes. The preparation of pure bismuth 
in the laboratory is a difficult task, on account of the tenacity with 
which small quantities of lead and arsenic are retained, most un- 
desirable impurities if the product is to be put to medicinal use. 
Several methods are available, most of them relying on the pre- 
cipitation of the bismuth either as the basic nitrate or the oxy- 
chloride. Alternatively the bismuth is precipitated as hydroxide, 
and this is dissolved in excess of caustic soda solution containing 
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glycerol. Easily reducible metals are now removed and filtered 
by the addition of sugar (a reducing agent) in the cold; the 
]>ismuth is precipitated only on boiling. The product is melted 
with potassium cyanide, to prevent oxidation, and then forms a 
( oherent mass of the pure metal. 

Elementary Bismuth. — Bismuth is the only element of the scries 
P--As — Sb — Bi not to display allotropy. It is a lustrous soft 
wliite metal with a density of 9*8; it melts at 271"' and boils at 
i5f)0°. The density of the vapour (which is green in colour) corre- 
^jxjnds with a monatomic molecule at high temperatures, but some 
association takes place near the boiling-jxiint. 

Bismuth is stable in cold air, whether moist or dry, but if heated 
it forms a surface coating of oxide, and if very strongly heat('d in 
air or oxygen it can be made to burn. Its standard electrode 
potential is j^irobably intermediate between those of arsenic and 
antimony, i.e. about H-o*2 volt, and it is unaffected by acids except 
in so far as they are also oxidizing agents. It will dissolve in hot 
concentrated sulphuric acid, which it reduces to sulphur dioxide, 
nv in nitric acid, but in the concentrated acid is assumes the passive 
’.tatc (p. 423). Bismuth combines with the halogens, but a good 
deal less vigorously than does arsenic or antimony. 

The metal is used in fusible alloys, in which it is often associated 
with tin, lead, and antimony: these alloys are used in electric fuse- 
\vire and in automatic sprinklers designed to extinguish fires. As 
bismuth expands on solidification, its alloys are much used for 
casting type-medal. Bismuth is one of the elements of highest 
atomic number whose compounds arc non-poisonous : an insoluble 
Insmuth salt is therefore given to patients before examination by 
X-rays of the digestive tract. 

Bismuth hydride, formula unknown, probably Billy, is the most 
dithcult of all the hydrides of the nitrogen-bismuth group of 
elements to prepare. Alter many unsuccessful attempts had been 
reported, Paneth, by the radioactive indicator method, showed 
that such a compound did exist, and was able to work out a method 
lor preparing identifiable quantities of it. An alloy of bismuth and 
magnesium, obtained by heating these elements together in a 
current of hydrogen (compare antimony hydride) , is treated with a 
not too dilute acid in Marsh's ap]iaratus, containing zinc and 
hydrochloric acid, and a stain resembling that produced by antimony 
is found in the heated tube. Alternatively^ the gaseous hydride 
may be collected in a condenser cooled with liquid air. The yield 
obtained is, however, too small for a thorough examination of the 
jiroperties of this substance to be made. 

Oxides and PIydroxides. — Bismuth forms a well-defined oxide, 
BigOy, but the existence of higher oxides is still uncertain. Unlike 
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the corresponding oxy-compounds of other members of the group, 
bismuth hydroxide is devoid of acidic properties. 

Bismuth trioxide, is the product of the combustion oi 

bismuth in air, but is more conveniently obtained by strongly 
heating the basic nitratt* or carbonate. If, however, the tempera- 
ture rises too high — e.g. above 700'’ — the oxide melts and then 
attacks porcelain. It can also be obtained by heating the tn- 
hydroxidc, Bi (011)3, precipitated from bismuth solutions by caustic 
alkalis. As, however, this process usually leads to the inclusicn 
ot a little basic salt in the preci])itate, it is best to use a solution o1 
the basic nitrate to which glycerol or mannitol has been added, 
h'rcjm such a solution caustic alkalis precipitate the pure base. 

Bismuth trioxide is a yellow solid whicli darkens on heating. It 
can without difficulty be reduced to the metal by heating in 
hydrogen. It is insoluble in water, but it dissolves in acids to form 
bismuth or bismuth yl salts. It remains com])letely unaffected by 
(iven concentrated solutions of the caustic alkalis, and no trace of 
acid function can be detected. The trihydroxide is a colourless sub- 
stance which is converted to the oxide not much below 600''. 

Bismuth tetroxide, 1^204, is obtained by oxidizing the tri oxide, 
susjiended in boiling concentrated caustic potash, with potassium 
ferricyanide. The product is waslH‘d with boiling dilute nitric 
acid, and dried by heating. It is a dark-coloured substance and 
has oxidizing properties: it will liberate chlorine from hydrochloric 
acid. 

Bismuth pentoxide, BiaOg. When in place of potassium ferri- 
cyauide chlorine is used as oxidant acting upon bismuth trioxide 
suspended in concentrated alkali solution, the product is an orange- 
coloured insoluble powder, commonly called a ‘ bismuthate,’ but little 
is known with certainty about its composition. It has been asserted, 
but not confirmed, that a pentoxide Bi205 can be obtained from it 
by treatment with acid. * Bismuthates,’ however, certainly contain 
some powerful oxidant, converting, for example, manganous salts in 
nitric acid solution to permanganic acid at ordinary temperature, and 
they are used for this purpose in the determination of manganese in 
steel. 

Hai.tdes. — Bismuth reaches the quinque valent state less readily 
than either arsenic or antimony, and the pentafluoride is the only 
known pentahalide. Bismuth forms, however, a number of organo- 
com pounds of the general type (C6H5)3BiX2, where X represents 
various anions. All the bismuth trihalides are known and stable. 
Claims to have prepared an oxide and lialides of bivalent bismuth 
seem not to be well founded. The trihalides are solids, and are 
much less volatile and more salt-like than their arsenic and antimony 
analogues; excepting the trifluoride they are hydrolysed by much 
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water — but can form stable solutions in acids. Bismuth, unlike the 
ntlier members of the subgroup, fails to yield lialogeno-complexes 
of the type (MX^)”; all attempts to prepare KBiB,, have been 
unsuccessful. 

Bismuth pentafluoride, BiFg. Bismuth Irifluoride absorbs fluorine 
lajudly at 500°, and the pentafluoride sublimes as colourless needles, 
Ixang more volatile than the lower fluoride owing to its covalent 
( onstitution. It reacts with water violently, yielding the trifluoride 
.iiul some ozone. The composition was confirmed by rediu'tion to 
bismuth in hydrogen, which is rapid at 150°. The vapour density 
has not yet been observed. 

Bismuth trifluoride, B1F3, is obtained by dissolving the trioxide 
in hydrofluoric acid, or can be precipitated by soluble fluorid(‘s 
horn solutions of bismuth nitrate in dilute nitric acid (the acid is 
necessary to prevent hydrolysis of the nitrate). It is a colourless 
solid which can be fused without decomposition, and is the only 
iialide of the subgroup to be insoluble in water, by which it is 
unaffected even on boiling. 

Bismuth trichloride, B 1 CI 3 , is obtained by heating bismuth in a 
stream of dry chlorine, when the trichloride condtaiscs in the cold 
part oi the apparatus. Alternatively it may be prepared by dis- 
solving the trioxide in concentrated hydrochloric acid. The solution 
is evaporated to dryness and the trichloride is distilled off in a 
('urrent of carbon dioxide. It is a colourless crystalline substance 
which melts at 233'^ and boils at 447*^; its vapour density shows it to 
have the normal molecular weight. It is very hygroscopic, and when 
added to a large ([uantity of water is hydrolysed with the formation 
of the oxychloride JhOCl: 

BiCl, TH20^Bi0('H-2lia. 

but dissolves unchanged in sufficiently concentrated hydrochloric 
acid. It is also soluble in hydrocarbons and other organic liquids 
and can be recrystallized from them. 

Bismuth tribromide, BiBrg, is obtained by the action of excess 
of bromine on bismuth, and is purified by distillation. It is a 
yellow crystalline substance, melting at 220"^ and boiling at 453'’ 
without decomposition to form a deep red vapour. Its behaviour 
with water is similar to that of the trichloride. 

Bismuth tri-iodide, Bil^, is obtained by heating the elements 
together. The excess of iodine is then driven off in a current of 
carbon dioxide and the tri-iodide is purified by distillation. It 
forms black crystals which melt at 439°. It is hydrolysed by water, 
but only very slowly in the cold, and it dissolves in acids to give 
a brown solution. 

OxYHALiDES. — With all the halogens bismuth forms oxyhalides 
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of a type which may be represented by the best-known member, 
BiOCl. They can be prepared by the liydrolysis of tfie trihalidcs 
since they are all insoluble in water, but the stability of the trifluoridt 
towards water precludes tins method of pre]')aration, and tlu 
oxyfluoride must be obtained by the carefully regulated action ui 
hydrofluoric acid on the trioxule. 

Bismuth oxychloride, bismuthyl chloride, BiOCl, is precipitated 
when bismuth trichloride, or a solution of the tri oxide in concen- 
trated hydrochloric acid, is largely diluted with watiT. This 
reaction is often used for the detection of antimony and bismuth. 
The reaction is usually given as; 


Bi' --I HoO^TliO‘-|-2Tr, 

and is perfectly reversible, as the oxychloride is soluble in hydro- 
chloric acid of sufficient concentration. A clear solution can he 
precipitated by dilution because three ions appear on the right-hand 
side of the equation but only one on the left; an equal fractional 
reduction of the concentration of all three therefore affects the valu(' 

of the expression hence disturbs the equililirium. 

The oxychloride is a white powder only slightly soluble in water 
and chemically unaffected by it even on boiling: it can be melted 
without decomposition. 

Bismuth tri^phide, Bio^a. i^ the only known compound of 
these two elements, the reported existence of snlphidi's of other 
comfiositions having proved illusory. It can be prepared either by 
heating the elements together or by precipitating a slightly acid 
solution of a bismuth salt with hydrogen sulphide; and in an 
impure form it occurs free in nature as bismuthinilc. It is not among 
the imist insoluble of the sulphides, and in very concentrated acid 
solution hydrogen suljihide at atmtispheric pressure will not 
precipitate it. 

It is a dark brown substance scarcely affected by h('ating in air, 
nor is it decomposed by boiling water. These properties distin- 
guish it from the trisulphides of arsenic and antimony, and in 
analysis it is easily separated from them by its insolubility in dilute 
sulphide solutions, though if the solutions are concentrated some 
bismuth trisulphide dissolves to form a thiobismuthite. These 
compounds arc much less stable than the corresponding thioanti- 
monites or thioarsenites, and the soluble members are decomposed 
by water, so they are usually made cither from very concentrated 
sulphide solutions or by fusing bismuth trisulphide with other 
sulphides. 

The Bismuth Ion. — The ion Bi”' so readily undergoes hydrolysis, 
with the formation of bismuthyl compounds, that it can exist only 
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m acid solutions; but a number of bismuth salts have been prepared 
ui the dry state, as well as a scries of bismut hyl salts. I'he latter 
aH‘ insoluble in water but soluble in acids. 

Bismuth sulphate, Bi2(S04);,, is prepared by evaporation of a 
solution of the trioxide in concentrated sulphuric acid. It consists 
of colourless crystals which can be heated to 400° without decom- 
position. The salt is very hygroscopic, and with water forms 
hismuthyl sulphate, (Bi0)2S04, a compound which can also be pre- 
y)ared by heating it strongly: 

Bi2(S04)3=:(Bi0)2S04+2S03 1 . 

It is a colourless powder insoluble in water but soluble in acids. 

Bismuth nitrate, Bi(N 03)3.51120, is obtained by dissolving the 
inoxidc in hot nitric acid and cooling the solution, but it is imyios- 
sible to remove all the water from this salt, cither by heating or 
in a vacuum desiccator, without decomposing it. It is freely 
soluble in nitric acid, but if the solution is diluted a basic nitrate of 
variable composition is thrown down. The name bismuthyl mtrate 

given to the compound Bi0N03.2H20 obtained by gently heating 
the normal hydrated nitrate. 

Bismuthyl carbonate, (Bi0).>C03, can be precipitated by carbonate 
solutions from solutions of bismuth nitrate in w'hich hydrolysis 
has been prevented or reduced by the addition of mannitol, with 
which bismuth probably forms a compk'X. Bismuthyl carbonate 
decomposes on heating: 

(Bi0)2C03 -Bi203fC02t. 

Bismuth phosphate, BiP04, can be precipitated by adding a 
soluble phosphate to a solution of bismuth nitrate in dilute nitric 
acid. This is one of the least soluble salts of bismuth and is con- 
sequently scarcely affected evem by boiling water, nor will it dissolve 
in acids. 


Subgroup A 

Vanadium, Niobium, and Tantalum 
Vanadium 

V — ~ 50 • 95 . A tomic N umber, 23 

History. — Vanadium was discovered in 1830 by Sefstrom in a 
Swedish iron ore, and was given the name which it now bears after 
Vanadis, a goddess of Scandinavian mythology. It was subse- 
quently shown that the same element had been discovered some 
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thirty years before by del Rio, who, however, on further investiga- 
tion had come to the conclusion that no new element was present 
in the Mexican mineral on which he had based his claim. 

Occurrence and Extraction. — The quantities of vanadium ex- 
tracted from its ores are still comparatively small, though the 
element is now known to be comparatively abundant : more 
abundant, for example, than copper. 

Tlie principal source of vanadium is patronite, a mixture of 
vanadium sulphides found in Peru. This is mixed with a flux 
and roasted in a reverberatory furnace, when the vanadium passes 
into the slag, which is then reduced to ferro-vanadium in a blast 
furnace. The ‘ acid extraction ' process has also been wideh 
used, particularly for the poorer depo.sits. In this process the ore 
IS crushed and heated with fairly dilute sulphuric acid at 200° undei 
a pressure of fifteen atmospheres. I'he solution is then filtered 
and evaporated to dryness, the product contains the vanadium and 
is heated strongly to convert it to the oxide. It is mixed with 
sodium caibonate, roasted in the air, and dissolved in hot water, 
from which carbon dioxide will precipitate any aluminium as 
oxide. Sodium vanadate can be obtained from the solution by 
concentration. 

Elementary Vanadium. — In the early researches of Berzelius. 
the oxychloride VOCI3 was mistaken for the chloride, and the oxide 
VO for the element. The preparation of vanadium presented 
unusual difficulties that have not yet been completely overcome: 
the metal forms oxides and nitrides of great stability from 
which it cannot easily be extracted. A Q5-per-cent product can be 
obtained from the pentoxide and aluminium powder by the Gold- 
schmidt process, and a somewhat purer substance by reducing the 
chlorides with hydrogen, sodium, or sodium hydride. Attempts 
to prepare the metal by electrolysis of aqueous solutions of its 
compounds have been unsuccessful. 

Vanadium is a grey lustrous metal with a density of about 6; 
it is the hardest of all metals. It melts at 1720°. It is oxidized by 
heating in the air, and burns if heated in oxygen, but it is quite 
unaffected by water. Among the acids, only hydrofluoric acid 
and the oxidizing acids will dissolve it. It will combine directly 
with chlorine, nitrogen, silicon, and other elements. 

Some nine-tenths of the world's output of vanadium come into 
commerce in the form of lerro- vanadium. The addition of vana- 
dium to steel increases the toughness and the tensile strength, 
and such steel is used in high-speed tools and the parts of 
machinery — e.g. of motor cars — which have to withstand frequent 
shock. The vanadium is added, in a proportion of less than 
2 per cent, as a ferro-vanadium containing between 25 per cent 
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;ind 50 per cent of the element, usually prepared by the thermit 
process. 

Vanadium Compounds. — Vanadium has well-marked valencies 
c,f two, three, four, and five, and all the corresponding oxides 
are known. 

Vanadium dioxide, VO, is prepared by heating an intimate mixture 
of the trioxide with vanadium to a high temperature, and is insoluble 
111 water but soluble in acids, with which it yields violet solutions of 
h\ povanadous salts, containing the bivalent cation V". These solu- 
tions can also be prepared from solutions of other vanadium com- 
pounds by H'diiction with sodium amalgam or at a cathode, and the 
liydi oxide V(OH)2 can be precipitated from tlumi by the addition 
of caustic alkalis. The oxidation potential of the cliange V'-^V*' 
IS —0-2 volt, and the hypovanadous compounds, in which the 
('lenient is bivale.nt, are among the strongest of reducing agents — 
( oinpare the bivalent compounds of the adjacent element chromium. 
In acid solution they fairly rapidly evolve h^^drogen, and even 
tlie insoluble hydroxide slowly decomposes water. They have 
beiin used in the dearsenilication of commercial hydrochloric 
acid, as they will reduce arsenic chloride to arsenic, which can be 
filtered off. 

Vanadium trioxide, V^Oj, is obtained by reducing the pentoxidc 
with hydrogen at a moderate temperature. It is a black substance 
with a very high melting-point, and burns when heated in the air: 
it will dissolve only in the oxi(jizing acids. Solutions of vanadous 
salts, in which vanadium is tervalent, must therefore be obtained 
by reduction of solutions of other vanadium compounds, and this 
can be carried out either electrolytically or with magnesium or 
zinc. 'Idle resulting solutions, which are green in colour, are 
powerful reducing agents which slowly decompose with the evolution 
of hydrogen, and are rapidly oxidized on exposure to the air. The 
insoluble hydroxide V(01I)3 is precipitated from them by caustic 
alkalis. 

Vanadium tetroxide, vanadyl oxide, V2O4, VOg, (V 0 ) 0 , is obtained 
by gentle reduction of the pentoxide; fusion with oxalic acid has 
been recommended. It is a dark blue solid of very high melting- 
point which absorbs oxygen from the air. It dissolves readily in 
acids to form solutions of vanadyl salts, containing the cation 
VO”, and from these reactions derives its alternative name and 
formula, vanadyl oxide, (V 0 ) 0 . Salts of quadrivalent vanadium 
usually decompose on heating into salts in which the metal is 
tervalent. Vanadyl solutions are blue, and can be prepared by 
gentle reduction of solutions of quinquevalent vanadium compounds, 
e.g. with hydrogen sulphide, sulphur dioxide, or even hydrogen. 
They are weak reducing agents. Vanadium tetroxide is amphoteric 
y 
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and has weak acidic properties; thus it will dissolve in caustic 
alkalis to form yellow solutions of hypovanadates, whose anion 
appears to be : 

2 V, 04 + 20 H' - Vp/ +Hp. 

These yellow solutions are easily oxidized, even by the air, to 
colourless solutions of vanadates. 

Vanadium pentozide, VgOg, is the principal oxide of vanadium. 
It can be prepared by the ignition of ammonium metavan ad. ite, 
NH4VO3, in an oxidizing atmosphere: a platinum crucible must 
be used. 

2NH4VO3-VP5+2NH3 t +H2O t . 

If it is required perfectly pure it is best to hydrolyse the oxychloride 
VOCI3, finally heating the product with a little concentrated nitric 
acid. The pentoxide is a red or yellow substance which can exist 
in various forms. It melts at 690® and is stable towards heat, but 
at very high temperatures gives the trioxide and oxygen, and in 
the electric furnace can be reduced by hydrogen to the dioxide 
VPg* is insoluble in water, but a number of vanadic acids can 
be precipitated by acidifying vanadate solutions. The oxide is 
amphoteric, and will dissolve either in acids or in alkalis. Vanadic 
salts are oxidizing agents, and when the pentoxide dissolves in acids 
it often oxidizes them and dissolves as a vanadyl salt, e.g. with 
hydrochloric acid, chlorine and vanadyl chloride are obtained: 

Vp,-K:>H +2a'-Cl3t ■f2VO‘‘+3HoP. 

Vanadium pentoxide is used as a catalyst in the oxidation of sulphur 
dioxide (p. 683). 

Vanadates. — These compounds are obtained by dissolving the 
pentoxide in alkaline solutions or heating it with bases. The 
vanadate ions bear some analogy of formula with the phosphate 
ions, but appear to differ from them by being mutually convertible 
in solution. Soluble ortho vanadates, such as Na3V04, can only 
('xist in strongly alkaline solution: ‘ metavanadates ’ contain the 
condensed anion V4O12'”'. The vanadate ions are colourless. 

Ammonium metavanadate, NH4VO3, one of the best-known 
compounds of vanadium, can be prepared by the addition of excess 
of ammonium chloride to vanadate solutions, and is purified by a 
succession of similar precipitations. It is a colourless substance 
only moderately soluble in water, and when strongly heated yields 
the pentoxide. 

Sodnim orthovanadate, Na3V04, is obtained by fusion of the 
pentoxide with sodium carbonate, followed by recrystaUization. 
Numerous colourless hydrates can be prepared from its solutions. 

Pervanadates . — Vanadium resembles its neighbours titanium and 
chromium in forming coloured solutions when the vanadates are 
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acidified and treated with hydrogen peroxide. Solutions of the 
pervanadates are red and are fairly stable: they constitute a 
sensitive test for the presence of vanadium. Salts such as potasshim 
jh’y vanadate, KVO4, can be prepared from solutions of the alkali-metal 
nietavanadates and hydrogen peroxide. 

Halides. — The known halides of vanadium arc shown in the 


table: 

Fluorides 

_ 

VF, 

VF 4 

VF, 


Clilorides 

VC1.> 

A’Fl,, 

VCl, 



rirornides 

VBr, 

VBr, 

___ 

— 


Iodides 

VI. 

VI, 




The known Halides of Vanadium 

In addition to these many oxyhalides are known, of which several 
are solnbk' in water. The fluorides and chlorides may be briefly 
described. 

Fluorides. — The action of fluorine on vanadium produces a 
mixture of substances, and the fluorides are more (*asily obtained 
))V the action of anhydrous hydrogen fluoride on the clilorides 
or bromides. 

Vanadium trifluoride, Vlu,, is obtained by heating the trichloride 
in hydrogen fluoride. It is a greenish -yellow^ refractory substance 
insoluble in water. 

Vanadium tetr a fluoride, VF^, is obtained in a similar way by the 
action of hydrogen fluoiide on the cold tetrachloride. It is a 
brownish-yeilow deliquescent solid which dissolves in water, and 
yields the tri- and pentafluorides on heating: 

2VF4=--VF,+VF,, 

Vanadium peniafluoride, VFr,, is obtained, together with the 
triflucjrule, by heating the tetra fluoride in nitrogen at 650', and 
collects as a white solid in the cooler parts of the apparatus. It 
sublimes at and is s(»luble in water, but the solution suffers 
some hydrolysis with the formation of oxyfluoride. It is the only 
pentahalide of vanadium. 

Chlorides. — Vanadium dichloride, hypovanadous chloride, VClg, 
the best known dihalide of vanadium, is obtained by heating the 
trichloride to a high temperature in a stream of nitrogen: 

2VCI3-2VCI2 f CI2 t . 

or by passing a mixture of the tetrachloride and hydrogen through 
a red-hot tube. It forms pale green crystals which volatilize 
unchanged at a high temperature (above 1000°), and readily 
absorb water or oxygen. The violet solutions have the properties 
already described. 
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Vanadium trichloride, vanadous chloride, VCI3, is obtained by the 
decomposition of the tetrachloride at a moderate temperature: 

2 VCl 4 =: 2 VCl 3 + Cl2 t • 

The tetrachloride may be healed nearly to boiling while a current 
of dry carbon dioxide is blown through it to remove the chlorine. 
The trichloride remains as violet, very hygroscopic crystals, very 
soluble in water or alcohol. The aqueous solutions can equally 
wt‘ll be ])repared by dissolving the triiiydroxide in hydrochlonc 
acid. When strongly heated in an inert gas the anhydrous substance 
yields the dichloride and the tetrachloride, and at a high tcnqierature 
it can be reduced to the metal in a current of hydrog(‘n. 

Vanadium tetrachloride, VCI4, is obtained by the action of chlorint^ 
on vanadium or terro-vanadium, or by the action of a mixture of 
chlorine and sulphur monochloride on the hot pentoxide. The 
product ol these reactions can be puriiied by distillation, and is a 
dark brown viscid liquid freezing at —26° and boiling at 154*^; it has 
a normal vapour density. It (hssolves in water to form a blue 
solution of the oxyhalide, VOClg, and decomposes into the tri- 
chloride and chlorine, slowly at ordinary temperatures but more 
rapidly on heating. 

Sulphides. — A irisulplnde, V2S3, and a tetrasulphide, VS4, an* 
knowii. Neither of them is very soluble in acids, as such, but they 
can be brought into solution by strong oxidizing agents such a nitric 
acid or hot concentrated sulphuric acid, and they form oxides when 
heated in the air. 

Vanadium irisulphidc, VgSg, is a grey solid obtained by heating 
any oxide of vanadium to redness in a current of hydrogen 
sulphide. 

Vanadium Icirastdphidc, VS4, is prepared by heating the tri- 
sul])lnd(‘ with sulphur. If more strongly heated in a vacuum or 
an inert gas, the tetrasulphide dissociates into the trisulphide 
and sul])hur. Like pyrites, l^'eS^, the tetrasulphide probably con- 
tains So groups. It is the chief constituent of the ore patron ite. 

Sulphates. — llypovanadous sulphate, \\S04,7H20, is obtained by 
the electrolytic reduction of a solution ol vanadyl sulphate in the 
absence of air, followed by concentration in a vacuum. It is 
isomorphous with ferrous sulphate, FeSOi.;!!.^^). 

Vanadous hydrof^cu sulphate, \TI(SO 1)2.41100, is prejiared by the 
electrolytic reduction of a solution of Aamadium pentoxide in dilute 
sulphuric acid, followed by precipitation witli the concentrated 
acid. Its solutions are reducing agents whose use has been rccom- 
mi'nded m place of titanous solutions in volumetric analysis. 
They ajipear to be rather less sensitive to atmospheric oxidation. 

Vanadyl sulphate, VOSO4.2H0O, is ])repared by reduction with 
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^^nlj)hur dioxide of a solution of vanadium pcntoxidc in dilute 
,>nl]>huric acid, followed by evai)oration. It is a hygroscopic 
dvV-blue substance. 

Nitrates. — hjitric acid oxidizes vanadium compounds to the 
fjiiiTiquevalent condition, and produces pale yellow solutions con- 
taining vanadoxyl nitrate, V02(N03). 


Nioiuum and Tantalum 

Xb=^r)2-c); atomic number, 41. 'ra::--T 8 o-(j; atomic nufiihrr, 74 

History. — The history of niobium is peculiar. It was discovered 
in i(Soi by Hatchett in a sample of iron-ore troin Massachusetts, 
and was given the name columbinm. In 1844 the Geiman chemist 
Rose announced the discovery of a new element m a Bavarian 
mineral, and named it niobium, but it was not till 185^ that niobium 
was proved to be identical with cohimbium. I'he two names are 
still used by chemists for the same element: cohimbium (symbol Cb) 
should have right of priority, but in this country at least niobium 
IS more generally used. Tantalum was disco vexed in 1802 by 
Ekeberg in Scandinavia; the name has been said to refer to the 
tantalizing character of his researches. 

Occurrence and Extraction. — Both moliiurn and tantalum are 
rare elements. For many years of no commercial importance, 
tantalum was one of the first metals to be used in the filaments of 
electru'-light bulbs, though it has now been replaced by tungsten. 
Niobium has not yet been put to practical use. 

The two elements almost always occur together, and invariably 
as niobates and tantalates: the principal deposits are in Australia, 
where the metals occur as tantahte, a mixed niobate and taritalate 
of ferrous iron, with some manganese. The treatment of this 
substance is difficult, as it is unaffected by the common acids, 
excepting hydrofluoric acid. It is mixed with excess of potassium 
hydrogen sulphate and fused in an iron vessel, cooled, and extracted 
with water. The residue is then treated successively with ammo- 
nium sulphide and hydrochloric acid. The solid is dissolved in 
hydrofluoric acid and boiled to remove silica as the tetrafluoride. 
After concentration the solution is treated with potassium hydrogen 
fluoride, which deposits potassium fluotantalate, KgTaF,, but 
leaves the niobium in solution, from which it can be recovered, by 
further evaporation, as potassium oxyfluoniobate, K2(NbO)F6.H20. 

Metallic tantalum can be prepared by electrolysis of potassium 
fluotantalate in a magnesia crucible with tantalum electrodes. It 
has also been prepared by a modification of the thermit process, 
using the pentoxide and a more energetic reducing agent than 
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aluminium, namely * Mischmetal ’ (p. 597). Niobium can be 
prepared in a similar way. The separation of the compounds of 
the two elements beyond tlic f)oint already described always offers 
great difficulties on account of their close resemblance, and is not 
attempted on tlie commercial scale. One successful laboratory 
process depends on the fact that tantalic acid is weaker than 
niobic acid, and can be precipitated from tantalate solutions by 
carbon dioxide in the cold, whereas niobates are unaffected by 
this treatment. 

Tiie resemblance of niobium and tantalum exceeds that of the 
neighbouring Group VI elements molybdenum and tungsten, but 
not that of the Group IV elements zirconium and hafnium. 

Metallic Niobium and Tantalum. — These are both hard grey metals. 
Their densities are respectively 7*3 and t6*6, and their melting- 
points 1950° and They are oxidized when strongly heated 

in the air, and some nitride may also be formed, but at ordinary 
temperatures they are unaffected by moisture. They combine 
with fluorine in the cold, and with the other halogens on heating. 
Among the acids, hydiofluoric acid is the only efficient solvent for 
these metals, and unless it is heated even this substance acts only 
slowly: they are also slightly affected by boiling concentrated 
sulphuric acid. 

The use of tantalum in the filamenls of incandescent lamps was 
due to its very high melting-point, m which, however, it is surpa.ssed 
by tungsten. Its hardness makes it useful for certain cutting 
tools, and on account of its resistance to chemical attack it has 
been used as a substitute for the more expensive platinum in the 
manufacture of chemical apparatus. Its hardness and resistance 
to corrosion have also led to its use for the manufactuie of surgical 
instruments. 

Compounds of Niodium and Tantalum.— In these elements 
the valency of five predominates. They both form stable acidic 
pentoxides, and a number of lower oxides which have not been 
thoroughly investigated. The only known fluorides are the penta- 
fluorides, and penta- and tri-chlorides of both elements are well 
characterized. In their highest valencies both elements yield oxy- 
halides of the type MOX3. 

Pentoxides. — ^These compounds are prepared from the fluo- 
tantalates and oxyfluoniobates as follows. After heating with 
concentratc^d sulphuric acid has volatilized all the hydrogen fluoride, 
the residue is treated with boiling water, which precipitates niobic 
or tantalic acid. Traces of .sulphuric acid can then be removed 
by re]>cated washing, followed by ignition with ammonium car- 
bonate; this leaves the pure pentoxide. The pentoxides are also 
produced when the metals are burned in oxygen. They are 
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colourless, very stable solids which can be reduced to lower oxides 
by hydrogen only at very high temperatures and pressures, or not 
at all. They will not dissolve in any acid except hydrofluoric 
acid, but they can be brought into solution by fusion with the 
( fustic alkalis, with the production of niohates or tanialatcs. The 
hydrated pentoxides, which may be called niobic and tantalic acids, 
can be prepared by precipitating solutions of these substances 
witli acids, or by other methods — often by the hydrolysis of the 
halides or oxyhalides. They are insoluble in water but will dissolve 
in aqueous solutions of the caustic alkalis. 

Pemiobates and Pertantalates can be obtained in solution by 
the action of hydrogen peroxide and acids on solutions of the 
niobates and tantalates; the former arc yellow, the latter colourless. 
These solutions are believed to contain the anions NbO,/ and TaO/. 

Halides. — Pentajluoridcs, NbF^ and TaFr,. are prepared by tlie 
action of fluorine on the elements. They arc colourless solids, tlie 
melting-points being 73° and 07*^ respectively, and the boiling-points 
217° and 229°. They are hvgtoscopic substances which are hydro- 
lysed by water, but if soluble fluorides are added to solutions of 
the pentoxides in hydrofluoric acid, fluoni(ibates and fluotanlalates 
such as KaNbP', or NagTah'o can be prepared. 

Peniachlorides, NbClr, and TaCl,-, are produced by direct combina- 
tion of the elements, but are more easily prepared by heating a 
mixture of the pentoxidc and carbon in chlorine. 'J'hey arc both 
I)ale yellow solids, the melting-points being i()4° and 211°, and the 
boiling-points 241° and 2^2 ’. They fume m moist air from the 
production of hydrogen chloride, arnl are hydrolysed by water. 

The lower chlorides are obtained by reduction of the penta- 
chlorides or oxychlorides. 

Tantalum dichloride, TaCl^, can be prepared by heating tantalum 
pentachloride with lead, or sodium amalgam. It will liberate 
hydrogen from water. 

Tantalum trichloride, TaCl^, has been prepared by the reduction 
of the pentachloride with aluminium at a lower temperature than 
is required for tlie production of the dichloride. It is partially 
hydrolysed by water, but dissolves in the presence of acids to form 
a green solution stable in the absence of air, which oxidizes it. 

Tetrachlorides of both niobium and tantalum have been reported 
but not thoroughly examined. 
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[oxygkn], sulphur, selenium, tellurium, chromium, 

MOLYBDENUM, TUNGSTEN, URANIUM 


O - 1 6 -go; atomic number, 8 
S ~ 32*06; atomic number, 16 
S(' ~ 78*96; atomic number, 34 
Te- = 127*61; atomic number, 52 


Cr = ^ 2^01 \ atomic number , 2. 
Mo -- 95*95; atomic number, 42 
W --i83-8f); atomic number, 74 
U —238*07; atomic number, 92 


[ 0 ]~S 




Cr— Mo~W— U 
^Se — Te 


As in other groups near the ends of the table, the resemblances 
between the subgroups are confined to compounds in which the 
element has the group valency, in this case six, and the typical 
elements form a natural series with the outer subgroup, in this 
case Subgroup H. As the properties of oxygen and its compounds 
have already been discussed (p]). 371-82), we shall first deal with 
the series of elements sulphur, selenium, tellurium, and then with 
Subgroup A. 

Oxygen is an element whose properties are so important in our 
system of chemistry that it is easy to lose sight of its f)eriodic 
relationships. In its invarialde vah'ucy ol two it resembles sulphur 
more than any other element, but it is remarkable that in spite of 
their higher molecular weight the compounds of sulphur in which 
sulphur is linked to hydrogen are usually more volatile than the 
corresponding compounds of oxygen. 


Sulphur, Selenium, Tellurium 


This series of elements shows a well-marked gradation of pro- 
perties, as is obvious from the following table, in which oxygen 
has been included: 



Oxygen 

Sulphur 

Selnuiim 

Tellurium 

Atomic Number 

8 

10 

34 

5^ 

Atomic Weight 

1 6*00 

3.:-ot> 

78-gf:) 

I27(> 

Density (of solid) 

i’43 

l-C)(>-2*0<) 

0 

00 

1 

00 

5*93d>-4 

Atomic Volume (ajijir.) 

n 

10 

18 

21 

Mclting-pomt 

-219° 

>15" 

Ilf 

452 -' 

Boiling-point 

-1S3 

•1*13’ 

688" 

1390' 


670 
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The elements are all non-metals which display allotropy. Since 
!h<‘V have six electrons in the valency group they enn complete 
Uit'ir octets by forming bivalent anions. S", Se"/Te'. The salts 
vMth the alkali-metals are all soluble, the others mostly insoluble. 

with the halogens, the potential necessary to discharge the 
( U'inent from these anions decreases markedly as the atomic 
number increases. This operation is never diflicult, and selenide 
ir telluride solutions readily deposit the element when exposed 
Tu the air. Tellurium, the heaviest member, is the most metallic, 
)_/ut this characteristic is only very shghtly developed. 

The hydrides form a well-marked series. As the atomic number 
of the element increases they become less volatile and consi>icuously 
less stable. They all have nauseous and rather similar odours. 
The heats of formation are (in calorics): 

HaS, +5.2S0. HjSc, —18,500. HjTe, -34,100. 

All the elements form oxyacids similar to sulphurous and sulphuric 
ucids, but the relations between them are rather different, for while 
sulphurous acid is easily oxidized to sulphuric acid, selenic and 
telluric acids are fairly powerful oxidizing agents, which will, for 
exainjde, liberate chlorine from hydrogen chloride. Telluric acid is 
unique in having a structure Te(OH)6. 

The variation in valency is most readily studied in the halides. In 
the hexafluorides of sulphur and selenium the covalency maximum 
of the element (p. 346) is displayed, and these halides are accord- 
ingly unaffected by water, which hydrolyses tellurium hexafluoride. 
In addition to hexafluorides the elements all form tetrahalides 
whose stability increases from sulphur to tellurium, and in these 
two electrons must be inert. Indeed all three elements show in 
-some at least of their compounds a stable valency of four. The 
tetrahalides of tellurium show a slightly salt-like character, and in 
favourable conditions can exist in solution. As might be expected, 
selenium resembles tellurium, the remaining element of the sub- 
group, rather more closely than it resembles the typical element 
sulphur. 


Sulphur 

S=32*o6. Atomic Number, 16 

History. — Since it occurs in the elementary state, sulphur has 
been known from prehistoric times. Its importance in the 
development of chemistry has been described in the Historical 
Introduction. 

Occurrence and Extraction. — Sulphur is an abundant element, 
though far less abundant than oxygen. It occurs in large quantities 

♦v 
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in many parts of the world as sulphides or sulphates and as tin- 
native element. Sulphur deposits are usually found in regions oi 
volcanic activity, and the most important sources of sulphur are tlu‘ 
deposits of Louisiana and Texas, in the United States, and of Sicily 

The Louisiana deposits have been worked by an improved methofi 
since about 1903. The problem of the extraction of these deposit > 
was a difficult one, as they were covered b\ 
some five hundred feet of soft sand and 
water. It was brilliantly solved by F rasch , 
who devised the process now worked. A 
triple tube a foot in diameter is sunk to 
the bottom of the deposit. Down the inri-^r 
tube is forced hot compressed air, and down 
the outer annular space water superheated 
to 180° under a pressure of ten atmospheres. 
The hot water melts the sulphur, which 
collects in a pool at the bottom of the w^ell, 
and IS blown up the middle annular space 
mixed with air, as a froth. The hot air on 
the inside of this tube and the hot water on 
the outside prevent its solidification on the 
way up. At the top the liquid sulphur is 
run into cooling trays, where it solidifies 
and is broken into lumps. It is very pure 
(about QQ*9 per cent). 

In the Sicilian deposits the sulphur is 
near the surface, but is mixed with rock and 
other impurities which make it necessary 
to purify it by distillation. The heat for the 
process is provided by burning some of the 
sulphur to sulphur dioxide. It is doubtful 
whether Sicilian sulphur can compete on equal terms with the 
Louisiana product, and more than 80 per cent of the world con- 
sumption of elementary sulphur is now supplied by the United 
States. It is, how'ever, possible that labour costs in Italy may be 
sufficiently reduced to bring Sicilian sulphur back to its pre- 
dominant position as far as Central Europe is concerned. 

Properties. — Sulphur occurs in more allotropic forms than any 
other element: we shall discuss only a few of the more important. 
The density of the modifications differs slightly, but is always 
about 2. 

I. Rhombic, octahedral, or a-sidphiir , — This is the ordinary form 
of sulphur. It is stable at room temperature, and the other varieties 
revert to it more or less rapidly. It is also precipitated at 
room temperature from solutions of sulphur in such solvents as 
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• arhon disulphide or chloroform. If rapidly heated it melts at 
’M'.t • is bright yellow in colour. Rhombic .sulj)hur crystals 
consist of molecules in puckered octagonal rings, 16 to the 
unit cell. 

2. Monoclinic or ^-mlphtir.— This, is the stable form of sulphur 
at temperatures between 94-6‘" (the transition-point) and its meltiiig- 
jioiiit of 120°. It can be obtained by cooling liquid sulphur or by 
ur vstallizing sulphur from its solutions in this tem])craturc interval, 
;iii(l, as is so often found, although metastable billow 04-6°, yet it 
otten apjiears first when sulphur is crystallized from its solutions 
ixlow this temperature. Under this condition it subsequently 
I r verts to a-siilphur. 


II 



i'^IlTTLIRRIUM lirrWFKN a- AND ^-SlJLUllUK 


Figure 1 shows the usual pressure-temj)erature relations of a 
substance which, like sulphur, contracts on solidification, O being 
the triple point, and at a temperature very nearly equal to the 
melting-point under atmospheric pressure. Figure II shows how 
this siinjile type of diagram must be modified to j^rovido for the 
occurrence of a second solid modification, in this case or mono- 
clinic sulphur. The figure is diagrammatic only. ^-Sulphur is 
tlie stable variety within the shaded area ; the diagram shows that 
it contracts, as a-sulphur does, on solidification (since its melting- 
point is raised by pressure), and that its melting-point is nearly 120°. 

3. Nacreous sulphur is a modification resembling j9-siilphur, from 
which it differs in its crystalline form, and may be obtained by 
cooling liquid sulphur under certain conditions or by producing 
sulphur in various chemical reactions such as the decomposition of 
poly sulphides by acids. 
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4. Plastic sulphur, produced when molten sulphur is suddenly- 
chilled by being poured in a thin stream into cold water. It is :>. 
sticky clastic substance which rapjdly reverts to the rhomhi; 
form; it is in fact an undercooled liquid. It is known to consi^i 
of long chains or ' fibres * of sulphur atoms. A form of suljdiui 
insoluble in carbon disulphide may be obtained as residue by 
extracting plastic sulphur with carbon disulphide. 

5. Colloidal sulphur can be obtained by the interaction of dilute 
solutions of hydrogen sulphide and sulphur dioxide. The solution^ 
may be of various colours according to the size of the particles. 

Sulphur is usually supplied to the laboratory either in lunqv^ 
or in a fine yellow jKnvder Ccdled Jlou'crs of sulphur, obtained ov 
condensing sulphur vapour on a surface below its melting-jioint 
(sec the phase diagram). Suljihur is distilled from a retort ml ) 
a large chamber, on wliose walls the flowers of sulpluir colic cl. 
At temperatures not far above the melting-point molten sulpluir 
is a mobile light brown liquid, but as the temperature is raised the 
liquid becomes black and viscous. At about 200'' it is opaque and 
scarcely fluid, but on rai.sing the tem])erature still further the 
fluidity i.s regained, and the liquid, though dark in colour, is trans- 
parent. These changes have now been fully exj)laincd. At tern 
j)eratures near to 200° most of the eight-membered rings present in 
the solid and in the licpud near the melting-point become broken, 
and the fragments le-unitc into very long chains of sulphur atoms. 
A high viscosity is characteristic of the presence of s\ich chain 
molecules, and is due to their approximate alignment. The chaiii'> 
must be terminated by unsaturated sulphur atoms: they aie m fa< { 
free radicals, albeit of very high molecular weight, and to this tlu' 
deep colour is due. On suddenly chilling the chains persist and 
confer on plastic sulphur the elastomeric ])roperties typical of rubber. 
At room temperature, however, most of the chains break uj) to givf' 
jflace to the original rings, but some sulphur of high molecular weight 
survives which is insoluble in carbon disulpliide. 

Liquid sulphur boils at As sulphur is easily purified b\' 

distillation this temperature is frequentl}^ used in the standardizci- 
tion of apparatus, such as thermocouples, for measuring high 
temperatures. Vapour-density measurements show that the sulphur 
molecule in the vapour phase at temperatures not far above the 
boiling-point is Sg. Measurements by the usual methods of the 
molecular weight of sulphur in its solutions lead to similar results. 
At higher temperatures the vapour dissociates into Sg molccuU-s, 
by fission of the cyclic Sg molecules, and at 000*^ the vapour 
density corresponds’^ with So. At about 2000"* va])uur-dcnsU\' 
measurements show single atoms to exist in the vapour. 

Sulphur is a colourless or yellow substance which dark('ns 
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,ri eating. It is an excellent insulator, and is used for this 
j.uri)ose in electrical apparatus, e.g. in electroscopes. It combines 
vritli almost all elements either at room temperature or on heating. 
It lb stable in the air, but on heating burns with a blue flame to 
i ,rin tlie gas sulphur dioxide, SOg, and a little sul})hur trioxid(‘, 
'-O.j. Sulphur is insoluble in water, and does not react with it, 
M!it when steam is passed tli rough boiling sulphur a little hydrogen 
iilpliidc and sulphur dioxide are produced : 

3S h2lUp;r'^i:ILS I -SO,. 

riic reaction between sul])hur and some metals, especially it both 
,ie in the powdered state, is very viohmt. Thus a mixture of zinc 
dust and IIowcts of sulphur becomes incandes(.ent win 11 touchcxl 
with a red-hot bar. (iunpowder is a mixture of charcoal, sulphur, 
.iiid potassium nitrate. 

Sulphur will not dissolve in acids as such — i.e. it is unalfected 
by hydrogen ions — but it will dissolve in alkaline solutions, espi^cially 
•n lieating. Sulphides and thiosulphates an* among the jiroducts, 
hut more complex substances are also produced. The simplest 
loim of the ecjuation is: 

. j S -1 OOH' =: 28" - F S A" ‘ 1 ■ 3 1 1 L> 0 , 

but it is incomplete. 

The ])rinci])al uses of sulphur are the pieparation of sulphuric 
.K'id and calcium bisulphite, it is also used m dusting vines to 
] reserve them from fungi, in valcaiiiziug rubber, eiiid in the 
])reparation of carbon disulphide. 

llYDjaiiES. — Hydrogen sulphide, ‘sulphuretted hydrogen,' lIgS, 
occurs naturally in certain volcanic gases, and is formed wdien 
hydrogen combines with molten sulphur or sulphur vapour: 

but as the reaction is reversible this is not a convenient method of 
preparation. In the laboratory the gas is usually prepared by the 
action ol a dilute acid such as hydrochloric acid on a metal suljihide 
— usually ferrous sulphide-- in Kipp's apparatus or similar device: 

FeSH 2Tr -Te”-hIT2S t- 

It may be dried with calcium chloride. If ordinary ferrous sulphide 
is used, the gas is likely to contain hydrogen, hydrogen chloride, 
pho.sphine, and arsine. With the exception of the hycirogen these 
impurities may be removed by drying the gas with calcium chloride 
and passing it over iodine, which forms the iodides of phosphorus 
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and arscniu, and then washing it several times with water and 
drying again. Perfectly pure hydrogen sulphide can be prepared 
by the action of water on synthetic aluminium sulphide: 

Al.,S3+6n20^2Al(0H)3+3H2S f • 

Properties . — Hydrogen sulphide is a colourless gas with an 
objectionable smell and highly toxic properties. It is a product 
the decay of organic matter containing sulphur, and is therefon* 
present in rotten eggs. It can be condensed to a liquid at — ( 3 o'' 
It is slightly soluble in water: at room temperature a solution of tin* 
gas saturated at atmospheric pressure is about one-tenth molar 
The offensive odour of certain sulphur springs — such as those at 
Harrogate — is due to dissolved hydrogen sulphide. In a liber il 
supply of air hydrogen sulphide can be burned completely to 
sulphur dioxide and water: 

2 H 2 S + 3OJ, r^2H20 + 2S02, 

and can form explosive mixtures with air or oxygen, but if the 
supply of air is inadequate, sulphur vapour and water are produced: 

2H2S-f 02 == 2H2O + 2 S. 

The presence of sulphur in a jet of hydrogen sulphide burning in 
the air can be demonstrated by applying it to a cold surface, such 
as that of a beaker full of cold water, on which sulphur will coriden.se. 

The gas is rather heavier than air: vapour density 17 (hydrogen 
— i). On heating it dissociates into its elements: 

H2S^H2 |-S, 

but a very high temperature must be reached before dissociation 
is nearly complete. 

When mixed with sulphur dioxide, hydrogen sulphide produces 

a cloud of sulphur: ti c 1 . c 

^ 2ll2S-|-b02==2H20-f 3S, 

though the gases do not react if dry. It is easily oxidized to sulphur 
(and sometimes higher oxidation-products) by solutions of hydrogen 
peroxide, chromates or permanganates, by dilute nitric acid, or by 
concentrated sulphuric acid, which cannot therefore be used for 
drying it. It ignites spontaneously in contact with sodium 
peroxide. With chlorine, bromine, and iodine, sulphur and the 
halogen acid arc pioduced: 

H2Sd-Cl2-2llCl+S| . 

The aqueous solutions of hydrogen suljdiide are slowly oxidized 
by the air with the production of sulphur. At low temperatures a 
solid hydrate, H2S.()H20, can be isolated from them. Hydrogen 
sulphide in aqueous solution is a very weak acid: the dissocia- 
tion-constant of the first dissociation. H^S^H' + HS', is about 
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- . ^ and of the second, + about so tliat 

I [' - S"1 

‘jj g'--=r:iO“”.iO"^^=iO“^“. As already explained (p. 195), hy- 

.iiu:;en sulphide is much used in qualitative analysis for the separa- 
r-'ii of the elements into groups depending on tlie solubilities of 
1 'H'lr sulphides. The solubility-products of some insoluble sulphides 
.t I (S'") arc given below: 


MnS (green), 6xio--j jvtuS (huff), 7x10-^'*; PeS, about TO"^®; 
Tl^S, 5 XTO-“^; ZnS, io"“‘Mo io~-^‘ ; CoS, 2 x to"-^; NiS, I0‘ 
CdS, about to PbS, 3 Xio" CuS, 3 xio“ ‘^“; AgnS, io“-’^^; 
HguS, TO"^’^; ITgS, 3 X 10- •*». 
lT\drogen sulphide is poisonous to all forms of lil(‘. 

Hydrogen persulphides. — Solutions of the soluble sul|Dhides, i.e. 
liiose of the alkali- and alkaline-earth metals or of ammonium, 
T<\'i(lily dissolve sulphur, forming yidlow solutions containing a 
flivalent comjilex anion produced by the combination of a sulphide 
with neutral sulphur atoms. When such a solution is acidified 
111 a freezing-mixture, a yellow oil settles to the bottom of the Ihpiid 
wliieh is a mixture of the higher sulphides of hydrogen. These 
uin be separated by fractional distillation under reduced pressure 
into the disulphide, II2S2, and the irisulpludc, HgS-^. These are 
iirpiids whicli on keeping or warming readily clecomposc into 
hydrogen sulphide and sulphur. Their odours are inoie ])owerful 
(■veil than that of hydrogen sulphide. Although polysulphides such 
as NaoSg undoubtedly exist, no hydrogen persulphide containing a 
liigher proportion of sulphur than Ilo^:, has been isolated. 

Sulphides of the Metals. — These frequently occur in nature. 1 hey 
can be preparcxl: 

(i) by direct combination — all metals except platinum and gold; 

(ii) by heating oxides of metals in the vajiour of carbon disulphide ; 
(lii) by precipitating a salt of the metal, made alkaline if necessary" 

by ammonia, with hydrogen sulphide or ammonium suljihide. 
Tliis method is noit available for ammonium, the alkali- 
metals, or the alkaline-earth metals, whose sulphides are 
soluble, nor for beryllium, aluminium, or chromium, whose 
sulphides are too soluble to exist in the presence of water: 
tlie low solubility of the hydroxides of these three metals, 
and their weakness as bases, causes the immediate hydrolysis 
of their sulphides: 

A1oS3+6H20->A1(0H)3 \ +31128 t . 

The sulphides are solid substances, often strongly coloured, and 
with the exceptions noted are all more or less insoluble in water. 
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The valcMicy of sulphur in the sulphides is always two, but per- (r 
polysulphidcs are known as descrilied above. When treated wit), 
acids the sulphides may or may not liberate hydrogen sulfdiidf^ 
Taking a divalent metal as illustration, the equilibrium in the chang^^ 

MS j -f2HVH,S t-f M'*, 

depends on the concentrations of the leactants and products, that 
IS, on the solubility of the sulphide, the concentration of h3^drogen 
ions provided by the acid, th(.‘ solubility of hydrogen sulphide in 
water at the temperature and pressure selected, and the concentra- 
tion of metal ions, if any, in the solution. Thus the very insolubU 
mercuric sulphide is unaffected by cold concentrated hydrochloru. 
acid, but with cold moderately concentrated hydriodic acid readn\’ 
liberates hydrogen sulphide: this is because the concentration of 
mercuric ions in iodide solutions is smaller even than in chloride 
solutions (p. 515). The solubility of aluminium hydroxide, on the 
other hand, is so small that the sulphide of this element is decom- 
posed by water alone. 

OxiDics AND OxYACiDS. — The most important oxyacids and 
oxides of sulphur are sulphurous and sulphuric acids, HgSO;, and 
H2SO4, and their anhydrides sulphur dioxide, SOg, and sulphu} 
trioxide, SO3. The remaining oxides are sulphur sesqui oxide, 
and sulphur heptoxide, SgO^, while the remaining acids include 
hyposulphurous acid, HgSX)^, thiosiilphuric acid, HgSgOg, chlarsid- 
phonic acid, CI.HSO3, a derivative of sulphuric acid, pcrdi sulphuric 
acid, HgSgOj,, per mouosulph uric acid, lloSOr^, and a series of com- 
pounds called the polythionic acids. 

Sulphur dioxide, SOg, is prepared on a large scale in industry b}' 
burning sulphur in air or roasting pyrites; the gas from either source 
may contain a little sulphur trioxide, and when this is an undesirable 
imjmrity the sulphur is burned in a more limited supply of air in a 
special furnace. Sulphur dioxide for sulphuric acid manufacture 
is recovered to an increasing extent from furnace gases evolved in 
certain industrial processes, e.g. the roasting of zinc sulphide. In 
the laboratory the gas is procured either from a siphon (from which 
the liquid can also be obtained by inverting it), or by the action of 
copper on hot concentrated sulphuric acid. In addition to cupric 
sulphate the residue contains cuprous sulphide, which colours it 
black, but the principal action may be written: 

Cu+ 2 H 2 S 04 =CuS 04 +S 02 t -I-2H2O. 

Other substances may be used instead of copper for the reduction 
ot the sulphuric acid. Sulphur dioxide can also be made by the 
action of acids on sulphites, bisulphites, or thiosulphates, e.g.: 

HSOg'+H ^HgO+SOg t • 
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Properties . — Sulphur dioxide occurs in nature in the gases from 
volcanic vents and in certain springs, and it is liberated into the 
atinos])here of industrial areas by the combustion of the sulphur 
(impounds contained in coal. Sulphur dioxide is inimical to human 
or plant life, and also causes stonework to decay. Steps arc now 
i)eing taken to reduce the quantity set free into the air from factory 
chimneys. 

Sulphur dioxide is a colourless gas with an acrid taste and smell 
of ‘ burning sulphur.* Its vapour density is 32 (hydrogen =^i), so 
it is more than twice as heavy as air, and can be collected by 
displacing air upwards. It boils at —10° and can be condensed to 
a solid at —72°; the vapour pressure of the liquid at room tempera- 
ture, as in a sulphur dioxide siphon, is nearly three atmospheres. 
Idle liquid scarcely conducts electricity. Sulphur dioxide will 
not burn, but it will combine wdth oxygen on the surface of a 
catalyst; the equilibrium conditions are discussed under sulphur 
trioxide. 

Sulphur dioxide dissolves freely in water, which at room tem- 
perature and atmospheric pressure takes up about fifty times its 
own volume of the gas. The solubility docs not obey Henry's 
law except as a rough aj^jiroximation, and the solution behaves as 
though it contained an acid — sulphurous acid, HgSO,,. Conduc- 
tivity measurements and potentiometric titration show this acid 
to be fairly strong in its first dissociation but weak in its second 
dissociation. Sulphurous acid can be titrated to a bisulphite with 
methyl red at a hydrogen ion concentration of about I0“®, or to 
a sulphite with phene ilphthalein at a hydrogen ion concentration 
of io~^; the dissociation-constant of the second dissociation, 
HSOg'^F^H'-f SO3", is about io~’. A hydrate, SOg.bHgO, can be 
obtained from the solutions at low temperatures, but the acid itself 
has never been isolated. Solutions of sulphur dioxide are slowly 
oxidized by the air to sulphuric acid : 

2 H,S 03 + 0 , - 2 H,S 0 „ 

especially in the presence of certain salts which act as catalysts, 
and even if air be excluded a slow decomposition in the sense of 
the equation; 

3 H 2 S 03 = 2 H 2 S 04-1 S I d-HgO, 

takes place. 

On account of the ease with which sulpliur dioxide in contact 
w'ith water can be oxidized to sulphuric acid, the gas is a fairly 
powerful reducing agent, and will, for example, reduce iodine to 
an iodide, permanganates to manganous salts, and chromates to 
chromic salts. The reducing action can be represented: 

S03"+H20->S04''-1 2H’ + 2 electrons. 
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but the actual reducing agent is probably the ion HSO3', so that 
sulphur dioxide exerts a reducing power only in faintly acid solution. 
Weakly acid solutions of ferric salts are reduced by sulphur dioxide 
to the ferrous condition : 

HSO./ -1- H,0 -L 2 Fe”' .-SO/ H -Ee”, 

but m concentrated hydrochloric acid the reaction will not take 
place; indeed, in such a solution sulphur dioxide acts as an oxidizing 
agent and will oxidj/(' ferrous salts to feme salts: 

S02~}~4^ =S ~|*^H20-j~4^^^ 

Sulphur dioxide is used on the large scale for bleaching delicate 
fabrics, sponges, etc., but the colour usually returns alter some 
time by atmospheric oxidation of the colouriess compound (leuco- 
base) to which the colouring matter is reduced. Very large quan- 
tities of sulphur dioxide, usually prepared by burning pyrites, are 
used in the preparation of calcium hydrogen sulphite for the 
manufacture of paper Irom wood-pulp. The gas is passed through 
towers filled with limest(me through which wxiter trickles, and 
the action is. 

2 H 2 S 03 -f CaC 03 =Ca(IIS 0 j)o+C 0 ., f +^.>0. 

Sulphur dioxide is also used on the large scale as a disinfectant, 
as a reducing agent in organic chemistry, as the working liquid of 
refrigerators, and as an ‘ antichlor ' for removing chlorine from 
goods bleached with that .substance: 

S 03 '+H 20 d-Cl 2 =S 0 /-l- 2 Tr+ 2 Cl'. 

Sulphites. — Solutions ot the sulphites of the alkali-metals are 
prepared by passing sulphur dioxide through solutions of their 
hydroxides, but with excess of sulphur dioxide the bisulphites or 
hydrogen sulphites are produced (compare carbon dioxide) : 

20H'-bS02-S03'+H.p. S03"+S0.+H20-2lIS03'. 

Sulphites of other metals can be obtained by precipitation of a 
solution of a salt of the metal with sulphur dioxide or a soluble 
sulyihite — e.g. silver sulphite, AggSOg, or barium sulphite, BaSOg — 
or by dissolving the oxide or carbonate in sulphurous acid. Many 
of the insoluble sulphites will dissolve in excess of sulphurous acid 
as bisulphites (compare the carbonates), e.g.: 

BaSOgl +H2S03=Ba'*+2HS08'. 

When treated with acids stronger than sulphurous acid the sulphites 
all yield sulphur dioxide, since at atmospheric pressure sulphurous 
acid cannot exceed a certain small concentration in water. The 
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precipitate produced with silver salts is soluble in excess of the 
sulphite solution, a complex ion being formed: 

2Ag'+SO/->Ag2SO. j . Ag2S0.3 ; +S 03 "-> 2 AgS 0 ;. 

Sulphites can easily be distinguished from thiosulphates by the 
jirecipitate of sulphur given by solutions of thiosulphates when 
treated with acids. The atmosjiheric oxidation of solutions of 
sulphites can be almost wholly prevented by the addition of traces 
ot certain anti-catalysts (of which quinone is one of the most 
effectiv^e), and has been shown by Rice to be a heterogeneous 
reaction, since it is completelv arrested, even in the presence of a 
jK)sitive catalyst such as a copper salt, bv the removal oi dust. 

O' 

The constitution of the sul])hitc ion mav be writt('n as “O — S/ , 

O 

but the intervention of mestnuerism (‘ resonance ') causes all the 
linkages between sulphur and oxygen to become identical (sec p. 
35 t). The anion has a pyramidal sha])e, with sulphur at the apex. 

Sulphur trioxide. — Sulphur trioxide, SO3, is produced in small 
quantities when sulphur burns in air or oxygen, and is made on 
a very large scale for the manufacture of sulphuric acid by the 
oxidation of sulphur dioxide with air at 450°. In the laboratory 
it may be prejiared by the distillation of fuming sulphuric acid or 
of various sulphates, of which ferric sulphate is the most suitable: 

Fe2(S0,)3--Fep3+3S03t, 

or by heating concentrated sulphuric acid with jdiosphorus pentoxide 
or concentrated jihosphoric acid: 

Pl2S04-^ H,0-S03 1- 

Sulphur trioxide exists in three forms: a-sulphur trioxide, which 
crystallizes in long needles at 17° and boils at 45° ; jS-sulphur trioxide, 
a substance with the appearance of asbestos, melting at 30®, into 
which the a-form spontaneously changes on keeping; and y-sulphur 
trioxide, resembling the /S-form in appearance, but with a much 
higher melting-point, obtained from the j8-form by intensive drying. 
Since .sulphur trioxide has a great affinity for water it is a self-drying 
substance, and therefore peculiarly suitable for experiments on 
intensive drying. The vapour pressures and melting-points depend 
on the previous history of the substance and on the degree of 
dryness to a most remarkable extent. 

Sulphur trioxide fumes in moist air and dissolves in water with 
a hissing noise, producing sulphuric acid; it is indeed sulphuric 
anhydride. The reaction with water evolves much heat, and if 
incautiously conducted may lead to explosion. 
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Sulphuric acid, H2SO4, is required in almost all the chemical and 
allied industries, and is therefore manufactured on a very large 
scale; the total annual production amounts to some 10 to 14 million 
tons. During the eighteenth century, when it first acquired in- 
dustrial importance, the supply of Nord hausen acid j)roved in- 
sufficient, and sulphuric acid was manufactured by burning a 
mixture of sulphur and saltpetre and collecting the gaseous products 
in water. Rapidly increasing demands led to great improvements 
in procedure, aaid the lead-chamber method was gradually elaborated 
by Roebuck and Garbett (1746), La Foleie (1774), Clement and 
Desokmes (1793), Gay-Lussac (1830), and Glover (i860). Since 
T900 the lead-chamber process has had a serious rival in the contact 
process, suggested by Peregrine Phillips of Bristol as long ago as 
1831, but lirst successfully operated by R. Knietsch of the German 
firm Badisclie Anilin-und-Sod.\fabrik. 

Both the lead-chamber and the contact process aie catalytic, 
and both depend upon the oxidation of sulphur dioxide by atmo- 
spheric oxygen. The contact process yields a very pure and very 
concentrated acid, or oleum if re(|uired, but is rather more expen- 
sive to run than the lead-chamber process. On the other hand, the 
lead-chamber acid is less pure than the contact acid and cannot be 
economically concentrated or converted into oleum. Both pro- 
cesses are conse({U('ntly employed, but the older method, while still 
producing the bulk of the world's output, is gradually being displaced 
by the contact method. 

The sulphur dioxide required as raw material is obtained by the 
combustion in air of either sulphur: 

S-fO^-SO,; 

or iron j)y rites: 

4FcS 24 ii02=-2l'e203+8S02; 

or zinc blende: 

2ZnS-l-302=2Zn0-|- 2SO2; 
or the ' spent oxide ' of the gas works. 

The United States and Italy, having large deposits of sulphur, 
mainly employ the first method; in England and Germany, however, 
iron pyrites, zinc blende, and spent oxide are generally used, though 
English manufacturers import a certain amount of sulphur for 
the purpose. Taking European practice as a whole, the principal 
source of sulphur dioxide is iron pyrites, which occurs in inexhaust- 
ible quantities in the Rio Tinto district of Spain and in smaller 
deposits in the U.S.S.R., Belgium, France, and Cyprus. Good 
quality pyrites contains 45 to 50 per cent of sulphur (FeS.^, wljen 
pure, contains 53 per cent), all of which is available on combustion. 
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The heat of combustion is so great that, once ignited, the pyrites con- 
tinues to burn spontaneously. Zinc blende is poorer in sulphur (33 
per cent when pure, usually about 20 per cent commercially) and 
requires a higher temperature with application of external heat for 
complete combustion. This disadvantage is offset by the fact that 
the residual zinc oxide is the chief source of zinc; indeed, the manu- 
tiicture of sulpliuric acid from blende is merely a subsidiary process 
in the extraction of zinc. 

The Contact Process. — T he essential reaction in this process is: 
zSOg-f 00^-2803+45,200 calories. 

The sulphur trioxidc is then combined with water to form sulphuric 

n.p+so3=H.so4. 


Consideration of the first equation will show that: 

{a) Tiie proportion of SO.j in the equilibrium hdls as the tempera- 
ture rises (Le Chatelter's principle). At 450”, the equilibrium 
mixture contains 98 j)er cent SO3; at 550°, 85 per cent; at 620°, 
70 per cent; at 700°, 40 per cent ; and at 1,000°. practically nil. 

[h) Conversion of SOg into SO3 will be rendered more nearly 
complete by using an excess of oxygen {mass action). If the 
sulphur trioxide remains in the state of gas, the equation is: 


[SO^]^ 


[c) The forward reaction is accompanied by a decrease in 
volume and is therefore favoured by increase of pressure (Le 
Chatclicr). 

Prom these facts the best working conditions would appear to be ; 
comparatively low temperature, increased pressure, and excess of 
oxygen (air). Unfortunately, however, the time taken to reach 
equilibrium even at 450° is much too great, while raising the tem- 
perature to a point at which the reaction takes place at a satisfactory 
sj)eed causes the equilibrium pioportion of sulphur trioxide to be 
negligibly small. It is clear that a solution of the problem lies in 
the discovery of a catalyst to accelerate the attainment of equilibrium 
at a temperature which gives a high yield of sulphur trioxide. Two 
such catalysts are commonly employed, viz. platinum, and vana- 
dium pentoxide or silicate. Platinum is the more efficient, but its 
catalytic power is rapidly destroyed b}^ the impurities — e.g. arsenious 
oxide — almost always present m commercial sulphur dioxide; hence 
careful purification of the gases has to be carried out if platinum is 
used. Vanadium pentoxide is less efficient, especially with gases in 
which the proportion of sulphur dioxide is low, but is unaffected 
by the impurities which ‘ poison ' platinum. For this reason, it is 
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comin):^ into general use, and newly built contact plants are almost 
all designed for vanadium catalysts. 

In the presence of the catalyst, the reaction takes place quickly 
at 450°, and a 98 per cent yield of SOj is obtained. Excess of air is 
employed, in accordance with the mass-action requirement, but 
increased ])rcssurc is found to be unnecessary; in some works a 
pressure of 1*5-1 *7 atrnosjilicres is used. 

Typical j)rocedure in a modern works using sulphur as the raw 
material is as follows. Sulphur, from a steel hopper, is fed into a 
melter healed by su])erheated steam; any solid irnjnirities an* 
retained by a series of baffles. I'hc molten sulphur is pumped into 
a burner consisting of a horizontal cylindrical steel tank lined with 

lient - resisting lirebrick, 
and meets an incoming 
stream of air previously 

Pirfdles passage through 

r ‘ 04 per cent sulphuric acid. 

Complete combustion 
occurs, and the gases — 
which contain about 7 pei 
cent of sulj)hur dioxide, 
with excess of air aiicl 
nitrogen — leave the burn- 
I'u;. l)usi'-iU'.MuviNc Plant 01- ^ temperature of 

about 700°. 

This temperatuni is too Iiigh for the catalytic reaction, so the 
gases are cooled to about 420^-450° by passing them through two 
systems of pipes air-cooled by electric fans. They next pass tlirongh 
mechanical filters, where dust is removed, and then enter the catalyst 
chambers. These chambers, of which there are usually two (in 
series), contain vanadium pentoxide supported on some inactive 
material such as asbestos. The rate of flow of the gases is so 
regulated that the desired temperature (420°-45o'') is maintained, 
without application of external heat, by the exothermic reaction 
itself. About 80 per cent of the sulphur dioxide is converted into 
the trioxidc in the first chamber, and the issuing gases are passed 
through a cooler before entering the second chamber, where the 
bulk of the catalyst is placed and wdiere the remaining sulphur 
dioxide is oxidized. 

After a further cooling, the gas mixture (SO-„ 0 ^, NL) is passed up 
a tower down which cold 98-9 per cent sulphuric acid is sprayed; 
this absorbs the sulphur trioxide to form oleum. The acid leaving the 
absorber is diluted with water to 98-9 per cent, and sufficient of it is 
recirculated to the absorber. The rest is run off for storage and sale. 

Such a plant can be worked by a single operator, and may produce 
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as much as 100 tons of 98 per cent sulphuric acid daily. The average 
power consumption per ton of acid is 36 kilowatt-hours, which, at 
a cost of \d. per unit, is equivalent to gd. Oleum of various con- 
centrations up to 25 per cent SO3 may be obtained by absorbing the 
sulphur trioxide in concentrated sulphuric acid until the required 
concentration is reached. 

Where pyrites or other suli)hide-mineral is the source of the 
sulphur dioxide, and platinum is used as catalyst, the gases leaving 
the burners arc passed between 
highly charged conductors, which 
cause electrostatic precipitation 
of solid particles (AsgOg), etc. 

( Lodge-Cottkkll system) . Alter- 
natively they are washed with a 
spra}' of water, and in both cases 
are afterwards dried with sulphuric 
acid. They then pass over the 
catalyst at 420-450^. In some 
works, ferric oxide at 600-700° is 
employed as a preliminary catalyst ; 
this effects oxidation of about 
two-thirds of the sulphur dioxide 
and has the advantage that no puri- 
fication of the gases is necessary, 
since, although the efficiency of the 
ferric oxide is gradually impaired 

by the absorption of the impurities, it is so cheap that it can be 
replaced economically as often as required. The mixture of gases 
leaving the ferric oxide chamber is sufficiently pure for the remaining 
conversion to be carried out with a platinum catalyst. 

The Lead-chamber Process.— The lead chambers in which this 
process was formerly conducted are now obsolete, and in the more 
modern plants the operations are carried out in towers at a great 
saving of initial cost and of ground space. The sulphur dioxide, 
obtained by burning either pyrites or sulphur, is oxidized by air 
in the presence of water and oxides of nitrogen, whose action is 
catalytic, since only small mechanical losses have to be made up. 
The exact nature of the cycle of o])erations by which the catalyst 
carries out its task has long been a matter of dispute, and the 
problem offers peculiar difficulties because the conditions of tem- 
perature and concentration differ widely in the various parts of 
the reaction vessels. The suggestion that the nitrogen peroxide 
introduced into the system is reduced to nitric oxide and then 
oxidized by atmospheric oxygen in accordance with the equations: 



S02 4 H20-hN02 


H2SO4- 


rNO and 2N0+02^ 2NO2, 
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IS an obvious one, but the first reaction, if attempted under con- 
ditions similar to those prevailing in the plant, will not take place. 
Alternative theories postulate the formation of various intermediate 
compounds, among them nitrosyl bisulphate (N0)’.HS04', ^ com- 
pound produced in the plant when insufficient water is present, and 
lienee known as ' chamber crystals/ Very possibly more than one 
of the suggested expilanations is correct. 

To the hot mixture of sulphur dioxide, oxygen, and nitrogen 
which leaves the pyrites burners, enough oxides of nitrogen (produced 
by the catalytic oxidation of ammonia as described on p. 390) are 
added to make up losses in working. The gases then pass up the 
Glover towers, in wdiich in the older forms of plant they acquired 
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Fig 138 Sulphuric Acid Manufacture: Modern Tower System 


the necessary oxides ol nitrogen from a descending stream of 
concentrated acid. In the modern forms the sulphuric acid is 
actually produced in the Glover towers, of which three or more 
in series may be employed, and the lead chambers which gave their 
name to the process are dispensed with. All the towers used are 
filled with broken flint-stones and are lined with lead. The gases 
in every case pass up the tower while liquid trickles down. To the 
first three towers there is supplied water and acid from the last three. 
This acid is highly charged with oxides of nitrogen and nitric acid, 
and these catalyse the reaction between the incoming ga.ses and 
the water in the manner already referred to. From the Glover 
towers the gases pass direct to the Gay-Lussac towers, in which 
they give up their oxides of nitrogen to acid which has passed down 
the Glover towers. The Gay-Lussac towers are cool, while the 
Glover towers, into which the hot gases pass, are hot, and this is 
why acid which takes up nitrogen oxides in one set can lose them 
in another. The finished product is withdrawn from the first 
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tower, where it meets hot fresh gas and is entirely freed from 
nitrogen compounds. It is not veiy^ concentrated, and if concen- 
t rated acid is required it must be ])repared by evaporation in a 
' cascade ’ of basins made from fused silica, fused alumina, or other 
acid-resisting substances. These basins are heated from below. The 
contact process produces acid of any required concentration without 
tlie need of evaporation. In another process the dilute acid is 
s})rayed into the top of another tower— ihc Gaillard tower — 
\Ahich is supplied with an ascending current of hot producer-gas. 
Ihis carries away a good deal of the w'ater and leaves a more 
concentrated acid, which is collected at the bottom. Very recent 
lorms of plant produce acid of 78 per c('nt concentration, which 



Fig 139. CoNCFNTRAiTNG SuLriiuRic Acid. Cascadk Pkociss 

need not be evaporated at all. The vapours from either process 
contain notable quantities of sulphuric acid which is recovered as 
dilute acid by absorption in water. The jiroduct of the lead- 
chamber process or its modifications is not only less concentrated 
than contact acid but is also less pure, though in recent years 
competition has obliged the manufacturers to improve the quality 
by purifying the gases from the burners. The principal impurities 
in ' chamber ' acid are oxides of nitrogen, and arsenic, which 
latter may be present to the extent of i gm. per litre. Neither 
should be present in contact acid, even if made from pyrites. 
Nitrogen oxides can be removed by warming the acid with 
ammonium sulphate, which is oxidized to nitrogen and nitrous 
oxide ; 

2 NH;-|-2N0.,-2H- t N2 1 -1 N2O t H 3H,0. 

Arsenic is a very undesirable impurity and must bo removed, either 
by heating with hydrogen chloride, when the arsenic escapes as 
the volatile chloride AsCl.,, boiling at 130 "'] or by precipitating the 
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arsenic as sulphide by treating the diluted acid with hydrogen sul 
phide. Other impurities w'hich may be present in smaller quantitit 
include hydrogen chloride, iron, selenium, aluminium, and lead. 

The concentrated sulphuric acid of the laboratory contain , 
about q 6 per cent HgSO.,, and has a density of about 1-84. 

The world production of sulphuric acid is probal>ly not far short 
of twelve million tons ])er annum, of which between one and one and 
a half million are j)rodiict‘d in Great Britain. Sulphuric acid is 
used in almost all the chemical industries, and especially in Ba* 
manufacture of fertilizers (calcium superphosphate and ammonium 
sulphate), which absorbs more than half the total ouiymt, sodium 
sulphate (for glass and salt-cake manufacture), hydrochloric an(' 
nitric acids. 

Sulphuric acid, *oil of vitriol,' ‘\’itriol,' H2SO4, manufactured in 
the ways described above, can be concmitratcd by evaporation 
until it contains about 98 pcT cent ILSO^. Sulphur trioxide is 
freely soluble in sulphuric acid, and acid called j liming sidpliitrn 
acid, Nordhaiiscn sulphuric acid, or oleum, can be prepared with 
any di'sircd content ot free sulphur trioxidc u]) to about 80 per cent 
of the weight of H2SO4. The too per cent acid freezes at 10'’. On 
distillation under atmospheric pressure it loses suljdiur Irioxide 
and leaves the constant -boiling mixture with 98 per cent HoSOj, 
which boils unchanged at 330*'. 

Sulphuric acid is a dense, oily, highly corrosiv^e liquid with an 
inordinate affinity for water, which causes it to be used for dryine 
gases and in desiccators. From animal or vegetable tissue il 
removes the elements of water and leaves carbon behind, then‘by 
becoming brown or black. If the mixture is heated, the carbon 
will reduce some of it to sulphur dioxide. The great heat (le\^cloped 
when sulphuric acid and water are mixed may lead to dangerous 
explosions; it is much safer to add the acid to the water than the 
water to the acid. The study of the freezing-points of sulphuric 
acid-water systems indicates the existence of hydrates, H2SO4.H.2O, 
H2SO4.2H2O, and H2SO4.4H2O, and others may exist in solution. 
The vapour obtained by boiling the acid is largely dissociated 
into sulphur trioxide and wafer: 

H2S04^H20-hS03, 

and this dissociation is increased by raising the temperature or 
reducing the pressure, 

H -O. O 

The constitution of sulphuric acid is very probably , 

H-Q/ O 

and this formula agrees very well with its chemical behaviour. 
Apart from the decomposition into sulphur trioxide and water on 
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i.f^ating, it may in its reactions decompose in three ways according 

the conditions: 

1. As an acid: H2S04^H' +HSO4' followed by HS04V-H'-| SO^". 

2. As an oxidizing agent: H2S04->H20 +SO2 -f O. 

3. As a sulphonating agent: 2H2S04^IIS0;/ +IIS04'+Il20. 

1. I'he acid decomposition takes place only when the hydrogen 
iMiis can be removed from the system or can enter into combination. 
Water promotes the ionization of all acids by forming hydrated 
hydrogen ions: 

H2S04+2wH20-v-^2(H.nH20) -1- SO4", 
rind in aqueous solution sulphuric acid is a strong acid, at any rate 
iij its first dissociation. The dissociation-constant of its second dis- 
sociation, HS04 't--H‘+^ 04", is about 0*03, so that sulphuric acid is 
not quite so strong as the typical strong acids. In careful potent io- 
TiKdric titration a faint point of inflection can be detected corre- 
sponding with HSO4', but this does not affect the titration of 
sulphuric acid solutions with indicators. Suitable metals will 
displace hydrogen from dilute sulphuric acid in the ordinary way. 

The acid decomposition can also take ])lace when the concentrated 
acid is heated with tht‘ salts of more volatile acids: 

ir-t-cr->iici t. 

The high boiling-point of sulphuric acid is responsible for its well- 
known power ot expelling acids from their salts, since the maximum 
possible concentration of (c.g.) hydrogen chloride in the licpiid 
phase at high temperatures is very small. 

2. The hot acid acts as an oxidizing agent if water is absent and 
suitable reducing agents are jiresent. Metals usuaLlv liberate 
sulphur dioxide from the hot concentrated acid, and they may 
lurther reduce it to hydrogen sulphide, while sulphur is often 
formed from the sulphur dioxide and hydrogen sulphide. A high 
temperature, which reduces the maximum possible concentration 
of sulphur dioxide, is usually reepiired for these reactions. Boyle 
discovered that sulphuric acid could be partially reduced to sulphur 
by distillation with turpentine. 

3. At low temperatures and in the presence of substances con- 
taining hydrogen, but in the absence of water, sulphuric acid acts 
as a sulphonating agent: 

4 -H,SO,-C„H,.SO,ll +11,0. 

benzene benzene 

siUphonic acid 

The real agent is the cation nSO./(r’rH-l HSCV^RIISOg-f-H'), 
which, as equation 3 shows, is formed freely only in the absence of 
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water, hence the reaction is assisted by the use of fuming sulphuri> 
acid, which contains free sulphur trioxid(‘. If the systcni is allowt .j 
to get too hot the product may be oxidized and the sulphuric aci<j 
reduced. 

Sulphuric acid was formerly used for removing the elements r,f 
water from other substance'-, e.g. with its help alcohol can Ix' 
converted to either ethc'r or ethylene: 

2C,I IvOH- -H20-(r,H.40. C.H^.OH -H.p -CoH^. 

alcohol ether altohol cthvlene 

SulfyJiaies.- I'liese an' dc'senbed under the metals. The sulphate ' 
of (radium), bar nun, strontium, calcium, silv er, lead, and mercin 
(-ous) are insoluble or only slightly soluVile in water. TJie aui. 
sulphates or bisulphates such as NaHSOj all lose sulphuric acul 
on strong heating, yielding the normal sulphate: 

2NaHSO, Na.SOi l-HoSO, f • 

Chlorsulphonic acid, ('ISO3H, is the acid monochloride of sulphuric. 

Ch^ /O 

acid and has the torimila ^S,^ . It can be pK'paiixl by 

H-^0^ M.) 

the combination of hydrogen chloride and sulphur trioxidc: 
HCI+SO3- C 1 .S 0 :JI, 

or more conveniently by passing hydrogen chloride into fuming 
sulphuric acid (which contains free sulphur trioxide) at room 
temperature. Tlie chlorsulphonic acid is then distilled off and 
purified by distillation. It is a colourless, dense, fuming li(|uid, 
boiling at 155”, which reacts violently with water, fomiing hydrogen 
chloride and sulphuric acid, and is used in organic chemistry to 
produce sulpliochlorides: 

RH +CI.SO3H - R.SOXl t Hp. 

Sulphur sesquioxide, S-Pg. — This is a blue substance obtained by 
adding sulphur to molten sulphur trioxide at 15°. It is unstable 
and readily decomposes into sulphur and sulphur dioxide : 

28,03^8 +3802!, 

and is immediately decomposed by water, forming a mixture 
of acids. 

Dithionous acid, Hj,S204. — It should be noticed that this acid 
is not produced when sulphur sesquioxide is treated with water. 
Sodium dithionite, Na2S204, is produced on the large scale by re- 
ducing a solution of sodium h^^drogen sulphite with zinc: 

2HS03'+Zn+2H' -Zn* ' +S2O4" [-21120. 
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If th(^ liquid is kept cold, most of the dissolved zinc is removed as 
,n insoluble double sulphite. The hydrate Na2S204.2H20 can be 
i tbtained from the solution, and must be dehydrated (as it is unstable) 
by washing with alcohol. The product is used in the dyeing industry 
a reducing agent. 

A solution of dithionous acid can be prepared by acidifying a 
Mtiutiou of sodium dithionite, or by electrolytic reduction of sul- 
[fhiirous acid, but the free acid is very unstable even in solution, 
and has not been isolated. Its solutiojis, which have a repulsive 
'Tiiell, are very powerful reducing agents. The acid is nearly as 
sirong as sulphuric acid. 

Thiosulphuric acid, IJaSoO ^, — The manufacture of sodium tliio- 
-nl])hate, Na2S203.5H20, from alkali-waste has already been dc- 
sriibed (p. ^52). Solutions of this substance can also be prepared 
b\’ boiling sodium suljihite solutions with sulphur: 

so3'+s-sa"- 

Its solutions are used in jiliotogiaphy as solvents for silver halides, 
which dissolve in them with the formation of a complex silver 
thiosulphate ion : 

AgBrI +S203\-^AgS203'-f-lh-', 

a reaction very similar to that Ixdween sulphites and silver salts 
(p. 472). Sodium thiosulphate is very widely used in the laboratory 
as a volumetric reagent for the estimation of iodine (usually dis- 
solved in solutions of potassium iodide), by which it is converti'd 
to a tctralliioiiate: 

h \ 2^P/^2V i SP/. 

With chlornu' or bromine, on the other hand, a sulphate is produced: 
4C I2+ S2O3 " + 5H2O - 8C1' + 2SO4 " -i I oil ■ , 

but these reactions are much less suitable for volumetric analysis. 
Sodium thiosulphate, like sodium sulphite, is u^(‘d as an anticlilor. 
Its solutions are fairly stable m air, though on long standing tlie^^ 
may de]X)sit a little sulphur; consequently the concentration (»f 
such solutions must be fairly frequently checked when they aie 
used for volumetric analysis. 

'Fhe thiosulj)hates can be oxidized without difficulty either to 
letrathionates or sulphates. When treated with acids they evolv(‘. 
sulphur dioxide, just as sulphites do, but they can be distinguished 
from sulphites by the suliihiir which they deposit at the same time: 

8203"-!- 2ir =S02 1 +s I -1-H2O. 

Pol.YTinoNic Acids. — T hese acids or their salts may be prepared 
by special methods, some of which are briefly epitomized in the 
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following equations of reactions in aqueous solution, at room tern 
ptTature, unless otherwise indicated. 

(1) Dithionate: 

2 NaoSO.,-f 2AgNO.,--Na2S AH 2NaN0, 4 2 Ag j (ioo^> 

(2) Trithionaic: 

NaoSPi^-l 2NallSO,-I 2SO2- 2Na2S30,.+I-L>0. 

( ^) TclratJiionic uac/' 

SXl2-{ 2 SO. + 2H,0- I I.S/), ] 2 TICI. 

(^l) Pcntathiouic aciii 

5NaoS,03+^oIl('l---2T]..S/\ f jlL ,0 -] loNaCl ( -to^^- 

6 O 

S 

The polythionic anions may be writtcai 0 =— S' ^ S - O, in wliirl. 

/ 

0 “ 0 " 

7/ runs from o to probably 4. Tl»e n sulphur atoTiis link the (SQ.^) 
grou])s in a simph' chain. 

Sulphur heptoxide, Persulphuric anhydride, S.X)-, is made by 
exposing a mixture of sulphur dioxide or sulphur tnoxide and oxygen 
to the silent discharge. 

4 SO,jH-0., -2SA- 

Sulphur heptoxide is a colourk'ss licpud freezing at o'", which, on 
warming, readily decomposes into sulphur trioxide and oxygen. 
It dissolves in water with the evolution of much heat to give a 
solution of persulphuric acid, called perdisulphuric acid to 

distinguish it from permonosulidniric acid, H2SO5. 

Persulphuric acid, HoSXg.— This acid lias the structure 
I-ISO3- O- O- liSOy. 

It can be synthesized by the action of hydrogen peroxide on ('hlor- 
su I phonic acid: 

SO 2 .OII.CH TT0.0.II + C1.0H.S0.2=S02.0H.0.0.0I1.S02 f 2 lici. 
The mo.st (‘onvimient method of jireparing a solution of this substance 
is the ch'ctrolysis of not too concentrated sulphuric acid (40 per 
cent) in a diaphragm cell at a low temperature with a small smooth 
platinum anode and a high current density. Under these conditions 
the oxygen over-voltage is a maximum. 

2HS0/=H2S20g4-2 electrons. 

By using anhydrous hydrogen peroxide and chlorsulphonic acid, 
as described above, the anhydrous acid can be prepared. It is a 
fairly stable solid, melting at 65°, which readily loses oxygen on 
wanning and is a powerful oxidizing agent. 

Sulphur tetroxide, SO4, is a white soUd, M.P. 3®, obtained when 
a mixture of sulphur dioxide with excess of oxygen is subjected to 
the glow electric discharge at low pressure (less than i mm.). It is 
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, j;)o\verful oxidizing agent, converting manganous salts into per- 
Tiianganates and aniline into nitrobenzene. From its formula it 
would appear to be the anhydride of permonosuiphuric acid, HgSOg, 
hut this acid is not formed when the tetroxide is dissolved in water. 

Permonosuiphuric acid, HgSOg, sometimes called Caro’s acid, 
.liter its discoverer, is prepared by the anodic oxidation of concen- 
i) cited sulphuric acid, or by treating potassium perdisulphate with 
concentrated sulphuric acid, a curious reaction which is apparently 
a hydrol37sis: 

HOgS.O.O.SOaH+HsO-HOsS.O.OH+lIgSO^. 

The anhydrous acid may be prepared from hydrogen peroxide and 
half the amount of chlorsulphonic acid required for the conversion 
10 perdisulphuric acid: 

HO3S.CI+H.O.O.H-HO3S.O.OH+HCI, 

and this shows the acid to be a sulphonation product of hydrogen 
peroxide. The anhydrous acid melts at 45°. It is a powerful 
oxidizing agent resembling perdisulphuric acid in its behaviour, but 
its active oxygen, as might be expected from the constitutional 
formulae of the two compounds, is more easily accessible. Solutions 
of permonosuiphuric acid, like solutions of hydrogen peroxide, will 
liberate iodine fairly rapidly from iodide solutions, whereas with 
perdisulphuric acid the action is much slower. 

The persulphates are produced on the manufacturing scale by 
electrolysis for use in the dyeing industry as oxidizing agents, 
and for the preparation of hydrogen peroxide. 

The Halides of Sulphur. — Sulphur combines with all the 
halogens except iodine to form halides, which are volatile substances 
decomposed by water, with the exception of sulphur hexafluoride, 
the stablest member of tlie series, and a compound in which sulphur 
displays its maximum covalency. 

Fluorides. — Sulphur burns in fluorine, the principal product 
being sulphur hexafloride, ST'^j, a colourless gas, boiling-point —64'', 
melting-point —51°. It is a very stable inert substance, unchanged 
on heating, nearly insoluble in water, and unaffected by fused 
caustic potash. It can, however, be decomposed by strong reducing 
agents such as boiling sodium, or by sparking with hydrogen. 

Sulphur decafluoridc , SgFjo, a liquid boiling at 29°, is produced 
with the hexafluoride when sulphur bums in fluorine, and is as 
unrcactive as the latter. The constitution is F^S — SF'5. 

Sulphur monofluoride, S2l"2» probably obtained when sulphur 
is heated with silver fluoride. 

Chlorides. — Sulphur reacts with chlorine at the ordinary tem- 
perature, the first product being sulphur monochloride, S2CI2. the 
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most stable chloride of sulphur. The product of the reaction 
purified by distillation at 138^, which frees it on the one hand from 
the less volatile suljdmr, and on the other from the more volatile 
sulphur dichloride. The monochloride is a fuming yellow liquid with a 
suffocating odour; it is decomposed by water, with the formatioi. 
of hydrochloric acid, sulphur, and a mixture of sulphur oxyacids. 
and on heating is partially decomposed into sulphur dichloridt' 
ami sulphur: S.,a,-,-SCL+S. 


It IS used in the chlorination of organic compounds, and also in 
the preparation of inorganic chlorides. Electron diffraction shows 

Cl Cl 

S2CI2 to have the structure \g ’ When sulphur is ex 

posed for a longer period to the action of chlorine in excess, sulphur 
dichloridc, SCl^, is obtained, and can be purified by distillation 
at 50'" in a rapid current of chlorine. It is a heavy brown li(]uid, 
fuming in air, and with a strong smell resembling that of chlorine: 
its reaction witli water is similar to that of the monochloride. 
It gives off chlorine slowly at ordinary temperatures and mon* 
rapidly on heating, leaving the monochloride. Sulphur tetra- 
chloride, is a yellow solid which can exist only at low tem- 

peratures, say below —30°; on melting it decomposes into the 
dichloride and chlorine. It is prepared by the action of chlorine on 
the monochloridc at a low temperature. 

Bromides. — Sulphur and bromine probably form only one 
compound, sulphur monobromide, S^Brg, easily obtained by heating 
the elements together in a sealed tube on the water-bath. It is a 
heavy red liquid, freezing at —40° and fuming in air. It is decom- 
posed by water and is also decomposed into its elements on heating. 

OxYHALiDES OF SuLPHUR. — Sulphur forms two principal series 
of oxyhalides: the sulphuryl halides, such as SO.^Clg, the acid 
dichloride of sulphuric acid, and the thionyl halides, such as SOCl^, 
the acid dichloride of sulphurous acid. 

Sulphuryl fluoride, SO.^F2, 1? prepared by combination from 
sulphur dioxide and fluorine. Like sulphur hexafluoride, it is a 
very stable colourless gas, only slightly soluble in water. 

Sulphuryl chloride, SO2CI2, can be obtained by combination from 
sulphur dioxide and chlorine. The action takes place slowly in 
sunlight and can be accelerated by a catalyst, such as charcoal or 
camphor. It can also be prepared without difficulty by boiling 
the acid monochloride — chlorsulphonic acid — with a little mercuric 
sulphate as catalyst: 

2C1.S03H=H2S04+S02Q2 t • 


Sulphuryl chloride is the most volatile constituent of the resulting 
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mixture, and can be distilled off throuf^h a reflux condenser at 70"^, 
wliicli retains the chlorsulplionic acid. It is a colourless liquid, 
iiJTnin^ in air, and with a suffocating smell; it boils at 70*^, but the 
^ apour is partially dissociated. When mixed with water it evolves 
much heat, and forms first chlorsulplionic acid, then hydrochloric 
and sulphuric acids: 

sOXlg+HoO-Cl.SO.H+HCl. CLS 03 H+H, 0 --H 2 S 04 -['HC 1 . 

Thionyl chloride, SOClo. — Numerous methods are available for 
the preparation of this compound. It may be obtained by the 
a(,tion of phosphorus pentachloride on sulphur dioxide or the 
sulphites: 

SO2 +PC 1 ., -SOClo d POCI3, 

or by heating sulphur trioxide with sulphur monochloride: 

SO3+S2CI2--SOCI0 t 1 t +S- 

It is a heavy colourless liquid with a strong smell, and boils at 78'^; 
it can readily be distilled without decomposition if water-vapour 
ii-, excluded. It is immediately decomposed by water, forming 
liydrochloric acid and sulphur dioxide: 

SOClo+IloO-SOs t +2T1C1. 

Thionyl chloride is used in organic chemistry to replace hydroxyl by 
chlorine : 

2ROn -fSOCl2=2RCl +H2O -h SO2. 

Thionyl fluoride, SOFj, and thionyl bromide, SOBrj, have also 
been prepared, but thionyl iodide is unknown. 

Sulphur nitrides and sulphur phosphides. — See pp. 425 and 636. 


Selenium 

Se=78*96, Atomic Number, 34 

History. — It is possible that Arnold of Villanova (early 
fourteenth century?) was the first to notice selenium, since he 
mentions a ‘ red sulf)hur ' attached to the walls of a chamber in 
which crude sulphur had been vaporized. The effective discovery 
of the element was, however, made in 1817 by Berzelius, who 
isolated it from the red powder that had collected on the floors of 
a sulphuric acid works. He found that it closely resembled tel- 
lurium (q.v.), and was therefore induced to call it selenium, from 
the Greek aeXrjinr], the moon, since tellurium had been named 
from tellus, the earth. 

Occurrence and Extraction. — Selenium is one of the rarer elements, 
and occurs only in small quantities in ores, usually as the selenide of 
z 
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a metal. The selenium of commerce is therefore extracted from the 
deposit wliich collects during the manufacture of sulphuric acid. 
There are several methods of extracting the selenium from this 
deposit. One of the best is to heat the dried deposit in a stream of 
chlorine, when the volatile chlorides of sulphur and selenium nvv, 
driven off and may be retained in water. The resulting liquid is 
then filtered and made very .strongly acid with hydrogen chlorid(\ 
The selenium can then be precipitated in the elementary state with 
sul])hur dioxide, leaving aU the sulphur and tellurium (if any is 
]:)resent) in solution; though if the solution is not sufficiently acid 
the tellurium will come down as well. It may be purified b; 
dissolving it in hot concentrated sulphuric acid, which converts 1, 

to the dioxide SeOg, and pre- 
cipitating the diluted solution 
with sulphur dioxide. 

Properties. — Selenium occurs in 
three prineijial allotropic forms, 
whose relations can be followed 
from the diagram. 

1. The vitreous or amorphous 
form is an undercooled liquid 
which is precipitated from selen- 
ium solutions by reduction, as foi 
instance with sulphur dioxide. 
Colloidal selenium belongs to 
this variety, which, like certain 
forms of sulphur, is soluble in 
carbon disulphide. 

2. A monoclinic viiriety, also soluble in carbon disulphide, is 
deposited from hot solutions of selenium as small red crystals. 
These melt in the neighbourhood of 170°, if rapidly heated, but at 
this temperature all forms of the element pass fairly soon into the 
metallic form. 



Temperature 

FiCt. i/jo. 


'PlIE AlT.OTKOrY OF 

Selenium 


3. Metallic selenium has the lowest vapour pressure and is con- 
sequently the most stable ; all other forms revert to it with a velocity 
which can be accelerated by heating. It is a grey crystalline sub- 
stance, density 4-8, isomorphous with tellurium and insoluble in 
carbon disulphide. It melts at 217'". This form of the element 
has some metallic characteristics, and among them the power of 
conducting electricity, which though feeble is readily distinguishable 
from the insulating power of such a substance as sulphur. It was 
noticed by VV. Smith in 1873 that the resistance of selenium was 
very markedly affected by illuminating the element. When sele- 
nium is exposed to light the resistance falls, rapidly at first, and then 
more slowly until a constant and much lower value is reached. 
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On removing the illumination the original resistance is recovered 
rather more slowly than it was lost. 

The change in resistance cannot be attributed to a change in 
temperature, for the same eUcct is noticeable if the selenium is 
kept under water during exposure. It is supposed that light 
‘.limulates the expulsion from selenium atoms of the free electrons 
t(» which electrical conductivity is due, and provides the nec(\ssary 
energy; then, in the dark the free electrons, or some proportion of 
ilicrn, recombine with positive ions. An alternative but not 
necessarily exclusive theory postulates a new allotropic form ol 
^(deniuTn, of lower specific resistance, produced by the influence of 
light. Whatever the explanation, this property of selenium has 
been put to practical 
nsc in photoelectric 
cells, in which a short 
thin plate of sc'lenium qj 
IS ccainected with a c 
lelay. Such an ap- £ 
paratus can be made in 
to ring an alarm when ct 
exposed to the Ian- I 
tern of a burglar, or ‘ 
to start a lighthouse 
at dusk and ex- lac. 141. lii-rccT of 1 xposing Si-li-nicxM ro 
tinguish it at dawn. Iji-.ht 

In recent years such 

( ells have also been used in certain forms of sound films and of 
television, and in a new type of gramophone in which the record 
consists of a perforated pajier strip. 

Selenium is stable in the air, but burns on strong heating, forming, 
as does sul])hur, the dioxide with a little of the trioxide. Like 
Milphur, selenium can be made to combine with almost all elements. 
It is unaffected by hydrogen ions, but is easily oxidized and will 
dissolve in dilute nitric acid as the dioxide, SeOjj, or perhaps as 
selenious acid, HgSeOg. 

When selenium vapour is heated the complexity of the molecules, 
as determined by vajioiir-density measurements, is gradually 
reduced from about Se^ at about 200"^ to Sco, and at, say, 1400° the 
change is nearly comiilete. 

Hydrogen selenide, H.^Se, made by the union of the elements at 
500° or by the action of water on aluminium selenide, is a colourless 
poisonous gas with an odour iccalling that of hydrogen sulphide. 
It is much less stable than this compound, as is shown by its reaction 
with sulphur: 

HoSe+S-^HaS+Se, 




698 1 'HEORETICAL AND INORGANIC CHEMISTRY 

and is slowly but completely decomposed into its elements at 
ordinary temperatures if exposed to sunlight. By moist air it is 
fairly rapidly decomposed into selenium and water: 

2H2Se+02— 2SeH-2H20, 

and in its behaviour on burning it resembles hydrogen sulphide. 
It is fairly soluble in water, but the solution deposits selenium it 
exposed to the air. With solutions of the salts of most metals 
hydrogen selenide precipitates insoluble selenides, but the selenides 
ol the alkali-metals are soluble in water. In these solutions 
hydrogen selenide, a very feeble acid, is formed by hydrolysis, and 
unless they are isolated from the air they deposit selenium. 

Selenium dioxide, SeOg, is prepared by burning selenium (a higl 
temperature is required), or by evaporating to dryness nitric acid 
in which selenium has been dissolved. It is a colourless solid with 
yellowish-green vapour; it sublimes on heating and the vapour 
pressure reaches ybo mm. at 315°. It is much less stable than 
sulphur dioxide and will readily part with its oxygen: it will, for 
example, oxidize ammonia gas to nitrogen; 

3Se02+4NH3=2N2+3Se-f-6H20. 

In solution, however, it has feeble reducing properties. It is very 
soluble in water, and by cautious evaporation of the solution 
selenious acid, H2Se03, can be prepared, a stable substance also 
produced when the dioxide is exposed to moist air. Selenious acid 
is rather weaker than sulphurous acid. Selenite solutions, which 
contain the ion ScOg", are much feebler reducing agents than the 
sulphites. They can be completely oxidized by chlorine but not 
by iodine, while with bromine an eciuilibrium is reached (N.B.- 
Sulphites will reduce all the halogens) : 

ScOy'+HoO-f Br2^ScO/H 2HH 2Br'. 

On the other hand concentrated selenic arid will oxidize hydrochloric 
acid to chlorine, so the reaction is really a reversible one. Th(‘ 
reactions with the analogous sulphur compounds arc interesting. 
Selenium is deposited from selenium dioxide or selenious acid by 
reduction with either sulphur, hydrogen sulphide, or sulphur dioxide : 

SeOo+S^Se ^ +SO._^. 

H.2Se03-f-2rLS-Se j d 2S | +3H2O. 

H,Se03-f2S0,,4 H.O-Se j 

Selenium trioxide, SeO^, has, with difficulty, been prepared as a 
white sublimate, by passing a glow discharge through oxygen in the 
presence of selenium. 
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It is a pale yellow solid which reacts with water to torm selenic 
acid, and when heated to 120° yields the dioxide and oxygen. 

Selenic acid, H2Se04. — Selenates such as K2Se04 can be prejKired 
by fusing selenium or a selenite with the nitrate of an alkali-inetal, 
or by oxidizing a selenite solution either with chlorine or electro- 
Ivtically. By acidifying selenate solutions and concentrating them, 
It is possible to prepare crystals of anhydrous selenic acid. These 
crystals melt at 61“ and, like sulphuric acid, develop much heat 
when mixed with water. Selenic acid is a far stronger oxidizing 
;igent than sulphuric acid, and begins to decompose into selenium 
flioxide and oxygen at about 200 '. In its action on organic .sub- 
staiK'es it resembles sulphuric acid, but it will oxidize hydrogen 
chloride to chlorine and, if hot and concentrated, will also dissolve 
gold, being thereby reduced to selenious acid. More energetic 
reducing agents, such as sulphur dioxide, reduce it to selenium. 
The selenates in other respects somewhat resemble the sulphates, 
and there is a striking similarity between the solubility curves of 
sodium selenate and sodium sulphate (p. 130), the transition - 
temperatures being nearly identical. Baiiurn selenate is insoluble 
in water, but may be distinguished from barium sulphate by the 
]jower, which it shares with the soluble .selenates, of oxidizing 
hydrochloric acid. 

Halides. — These compounds resemble the halides ol siilphui, 
though there are important differences, e.g. no dichioride is known, 
Selemmn hexafluoride, SeF^, like sulphur hexafluoride, is a stable 
gas, quite unaffected by w^ater, the covalency maximum of 
both elements being six; compare the chlorides of carbon and 
silicon. Selenium teirafluoride, SeF^, is made from selenium 
tetrachloride and silver fluoride. It is a colourless fuming 
li(]uid, melting-point —13®, boiling-point 93°. 

Selenium tetrachloride , SeCl4, prepared by union of the elements, 
is at ordinary temperatures a solid substance which sublimes on 
heating. The vapour pressure reaches 760 nim. at 196°. 


Telt urium 

Te - 127-61. Atomic Number^ 52 

History. — In 1782 von Reichenstein suspected that the Tran- 
sylvanian mineral known as white gold ore {Weissgolderz), generally 
supposed to be an alloy of antimony and bismuth, in reality 
contained a hitherto unknown element. This suspicion was con- 
firmed by Bergmann, and before the end of the eighteenth century 
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Klaproth had isolated the element and investigated its principal 
properties. The name is derived from telliiSy the earth. 

Occurrence and Extraction. — Tellurium is a comparatively ran^ 
element which occurs in small quantities in many parts of the 
world, among them Rumania, Brazil, and the United States. The 
most important ore is perhaps bismuth telluride, BigTe^, and 
tellurium is extracted from the alkaline residues of bismuth oo s 
(p. 656). These are dissolvt'd in h^Tlrochloric acid and the tcllurinin 
is precipitated in the elementary state by sulphur dioxide, bn I 
tellurium, which is more metallic in its behaviour than seleniun'. 
cannot be precipitated from very strongly acid solutions. Thr 
pure ('lement may be obtained: 

(i) By reducing the dioxide with hydrogen and distilling the 
product in hydrogen under reduced pressure. 

(ii) By electrolysis of a solution prepared from the dioxide and 
concentrated hydrofluoric acid, with a little sulphuric acid. 

Properties. — Tellurium is a silver-white substance of metallic 
ap})carance, with a fairly high melting-point (452°). It is very 
brittle, and is usually supplied in powder form. By precipitation 
from aejueous solutions a brown amorphous variety is obtained. 
This is insoluble in all solvents except those with which it reacts, and 
is converted to the crystalline or metallic variety on heating. The 
vapour appears to be diatomic at all temperatures. Pure tellunuin 
probably does not conduct electricity. 

Tellurium is unaffected by hydrogen ions, but wiU dissolve in 
oxidizing acids, while caustic potash dissolves it, forming a telluride 
and a tellurite (compare sulphur): 

3Te + 60H' =-2Te" -f TeO^" +3H .0. 

Hydrogen telluride, H./re, is prepared (i) by the action of dilute 
acids on aluminium telluride, AlgTe^, itself obtained by union of 
the elements; or (ii) by electrolysing dilute sulphuric acid with a 
tellurium cathode. It boils at 2° and is a highly unstable gas, 
decomposing spontaneously even in the dark and rapidly decom- 
posed by air into tellurium and water. In odour it sornewliat 
resembles hydrogen sulphide and selenidc. 

The tellurides resemble the selcnides, but the soluble tellurides — 
i.c. those of the alkali-metals — are even less stable in solution than 
the soluble selenides and are very readily oxidized with th(i 
precipitation of tellurium. 

Tellurium dioxide, I'eOo, is fonned when tellurium burns in the 
air, and can also be prepared by dissolving tellurium in warm 
dilute nitric acid and evaporating to dryness. It is a white solid 
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which differs from selenium dioxide in being insoluble in water. 
It will, however, dissolve in acids, and is in fact amphoteric, though 
its basic properties are excessively w'eak. The salts of tellurium 
arc all decomposed by water and can exist only in strongly acid 
.solution. Telluriuin sulphate, Te(S04)2, however, be isolated 
as a colourless crystalline solid from its solutions in concentrated 
sulphuric acid. 

Tellurous acid, HoTeOg, cannot be prepared by the action of 
water on the dioxide, but is precipitated when the iiitiic acid 
solution is poured into water, in which it is not very soluble. The 
tellurites, like the tellurates, usually have more complex con- 
stitutions than the simple formula suggests. They are readily 
reduced to tellurium or oxidized to tellurates, as fc^r instance 
by permanganates. 

Telluric acid, Hj-TeOg.- This compound can be prepaied by 
methods similar to those used for the preparation of sclenic acid, 
but it differs in constitution from sclenic or sulphuric acids. It 
the tellurates are formulated as though Uk'v were derived from 
]TTe04, it is found that they retain two molecules of water of 
nystallization per molecule of salt which cannot be removed 
without decomposing them. The formula of such a compound as 
HaTe04.2H20 should thcrcfcjre he written Pa]l4(TeC)fl), and this 
view is supported by the existence of organic compounds such as 
Tc(OCH 3)6 and of salts such as Agc('I'cOQ). In Group VH the 
adjacent element iodine shows a very similar beluudour. 

Like the selenates, the tellurates are oxidizing agents which will 
liberate chlorine from hydrogen chloride. Telluric acid is very 
soluble in water: on heating it yields first tellurium trioxide, TeOg, 
then the dioxide and oxygen. 

Halides. — The halides of tellurium, though largely covalent, yet 
show traces of salt-like character, and the tctrahalidcs can exist 
in solution if sufficient acid is present to prevent liydrolysis. They 
arc usually prepared by union of the elements. The hexafluoride, 
TeFp, is decomposed by water. The tetrahalidcs are more stable 
than those of selenium, and much more stable than those of sulphur: 
the tetrachloride is a colourless crystalline substance which melts 
at 225^ and can be boiled without decomposition at 390°. The 
molten salt has a fairly high electrical conductivity. The tetraiodide 
is unaffected by cold water, in which it does not dissolve, though it 
is decomposed on boiling. 
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SUHGKOUP A 

Chkomium, Molyddiinum, Tungsten, Uranium 



Cr 

Mo 

W 

U 

Atomic Number 

21 

42 

74 

92 

Atomic Weight 

52 01 

ys 03 

183 86 

2-{8-07 

] )ensity 

bq 

0*1 

18-7 

18.7 

Atomic V’^oliimc 

7 -(» 

io-<> 

99 

] 2-7 

Mcltiiigqioml 

T<) 00 ^ 

'ibzo^ 

3370^ 



These* cl('uit‘nts arc all dense, silvery- white, rather hard inetah 
with small atomic volumes and liigh int'lting-points. In then 
compounds the transitional character, as denoted by variable 
valency and by colour, is very marked; chromium, for instance, i*- 
])art of the series of elements V, Cr, Mn, Fe, Co, Ni m which these 
properties are apparent, and the same applies to the other elements 
of the subgroup. 'I'he relationship between the transition elements 
is discussed on ]). 771. In addition to the group valency of si\, 
well-delined valencies of two, three, four, and fi^'e may ocaair, 
and this makes the cliemistrv of the elt*ments in this subgroup a 
complicated study. These valencies may be considered in order' 

7 'z£ye- -'I he bivalent compounds are all |)0werful reducing agents, 
as might be expected. They are all salts showing a tendency to 
associate. 

Three — Chromium forms a stable and important series of conn 
pounds 111 which it is tervalent, but with the other elements the 
tervalcnt compounds are of less importance. The stabilitv of the 
tervalent chromium compounds is probably due to the facility with 
whicli chromium forms complex ions, even in aqueous solutions, 
in which its electrovalency is three and its co-ordination number 
six. The hydrated sesquioxide ot chromium is a wc'dk base, sf» 
the salts are hydrolysed, and is alone in displaying weak acidic 
]iro])crties and in forming compounds with bases — the chromites. 

Only tungsten and uranium form quadrivalent salts 
stable in solution : they are reducing agents easily converted to the 
sexivalcnt state. 

Twe . — It is probable that chromium can be quinqucvalent, 
and quinquc\^alent compounds of molybdenum are well estab- 
lished. 

Six . — This is the group valency, and is conspicuous in all the 
elements of this subgroup: the sexivalent compounds are almost 
the only links with Subgroup B. Such are the hexafluorides, 
formed by all the elements except chromium; they are all covalent 
compounds dectimposed by water. All the elements fonn acidic 
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rrioxicles whose acidity diminishes with increasing atomic number; 
uranium trioxide is amphoteric. By dissolving these trioxides in 
water, acids of formula such as H^MO^ are obtained, but they all 
.sliow a tendency, noticeable even in chromium, to form condensed 
raids of higher molecular weight. The simple salts are often 
isoinorphoiis with the sulphates and selenates. 

The stability of the higher valencies increases with the atomic 
number. The oxidizing powers of chromic acid are due to the pre- 
[(Tcnce of chromium for the tervalent state, and are faintly repro- 
duced in molybclic acid but absent elsewliere. Thus the ignition of 
ammonium clichromate yields the sesquioxide, but the ignition of 
ammonium diuranate the trioxide. All the elements form coloured 
peracids of uncertain constitution. 

Of the individual elements, chromium is by far the most abundant. 
Molybdenum and tungsten, like the preceding pairs of elements 
zirconium and hafnium, niobium and tantalum, closely resemble 
each other. The complexity of their valency relations and their 
very marked tendency to form condensed compounds make their 
chemistry diHiciilt. Uranium is distinguished by its radioactive 
properties, by the stability of its quadrivalent compounds, and by 
the series of uranyl salts produced by dissolving the amphoteric 
trioxide in acids. 


Chromium 

Cr — 52*01. Atomic Number, 24 

History. — In 1762-6 Lehmann described a new mineral called 
crocoite or crocoisiie. In 1797, Vauquelin showed that it consisted 
of oxide of lead combined with the oxide of a new metal which he 
proposed to call chromium, on account of its characteristic property 
of forming coloured compounds (Greek colour). He was 

able to isolate the metal in an impure state by the fusion of chromic 
acid with carbon. Purer specimens were made by Deville in 
1857, t>ut it was not till 1894 that the reasonably pure element was 
prepared, by Moissan. 

Occurrence and Extraction. — Chromium is a fairly abundant 
element which occurs principally as chromite, Cr203,Fe6, sometimes 
called chrome iron ore, which is found in South Africa, Russia, tlie 
United States, India, and elsewhere. This mineral is washed, finely 
ground with lime and potassium carbonate, and roasted. Potassium 
chromate is thereby produced : 

4K2C03+2Cr.P3+30.^=4K2Cr04+4C0jj f • 

This is a soluble substance which is extracted by water and converted 
*z 
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to potassium dichromate, K2Cr207, by adding sulphuric acid anti 
r eery steilli zing: 

2Cr04 " + 2H * -Cr.O, " + HoO. 

I'he potassium dichromate is then reduced to a chromite, K2Cr20,, 
by heating with starch or some other reducing agent, and chromium 
sestpiioxidc in a more or less pure state is obtained from this by 
washing, since all soluble chromites are decomposed by water: 

KoCr.O^ FHgO-CroOa-l 2 KOH. 

This chromium sesquit)xide is the source of the metallic chromium 
of commerce. Its reduction to the metal can be effected by the 
usual powerful reducing agents, such as carbon or the alkah-m(;tals, 
but only with difficulty, and on the commercial scale of the Gold- 
schmidt process (p. 533) is used, one or two hundredweights of th(‘ 
medal being produced from each charge. Since, however, a large 
pro])ortion of the cliromium used in industry is for the purpose of 
plating, it is simpler to dissolve the dichromate in sulphuric acid 
and plate direct from this .solution. 

Properties. — Chromium is a hard white or greyish metal. It 
melts at iqoo° and boils at about 2470'^. It is extremely stablt* 
in the air, and to this is due its extensive use as a plating metal. 
It must be heated to some 2000*^ before it will combine with 
ox^^gen ; the ]iroduct is then the sescjuioxide. The standard electrode 
potential (with res])cct to chromic solutions) is about --0*7 volt, 
but the metal will not dissolve in water, perhaps on account of the.' 
formation of a film of oxide, and chromium plating is possible if 
the conditions are carefully controlled. It dissolves fairly readily 
in acids on warming, forming, if air is excluded, solutions of chromous 
salts, but in oxidizing solutions such as concentrated nitric acid it 
rapidly becomes passive (p. 423). It will, however, reduce hot 
concentrated .sulphuric acid to sulphur dioxide. 

Chromium is added to steel to make it hard and tough, and 
alloys containing a large percentage of chromium remain per- 
manently bright in moist air: they can be prepared directly from 
})urilied chromite by the thermit process. Alloys of chromium, 
tungsten, and cobalt arc extremely hard even at high temperatures, 
and are used in steel-cutting tools. Chromium is also used in 
nickel-chr(unium resistances (p. 800), and in plating the bright parts 
of motor cars, bath taps, and other metal articles. Chromium 
plating is usually carried out in a glass-lined tank with a lead anode, 
using a high current density. The electrolyte is a warm concen- 
trated solution of chromic acid containing a little sulphuric acid. 
Since the chromium coating is slightly porous, the article to be 
plated is first given a coating of nickel. 
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( HROMiUM Compounds. — The salt-forming oxides of chromium 
are the monoxide, CrO, the sesqiiioxide, CrgOg, and the trioxidc, (TO3. 

Tho monoxide is a strongly basic oxide and corresponds with 
the chromous salts, which are not noticeably liydrolysed in 
solution, but are very readily oxidized to chromic salts, even by 
tlie air. 

J'he scsqnioxide is more weakly basic, and the chromic salts are 
hydrolysed in solution. The sesqiiioxide has also weakly acid 
])rojHTties, and wlien fused with bases forms a series of coiniiounds 
( ailed the chromites : 

MgOd Crp,. AlgCuA. 

The soluble^ chromites are, however, decomposed by water. 

File trioxide is a strongh^ acidic oxide, and is indeed chromic 
anhydride. From this oxuh* the (hroinates and dichromates are 
derived. 

A series of unstable perchromat(‘s is also known, but the corre- 
sponding oMd(‘, if it exists, has not been isolated. 

OxiDi'S AND Hydroxides. 

Chromium sesquioxide, CioO^. — 'f lie ])re])aration of this compound 
(roin chronnt(' has lx‘eti described: it can he prej)ar(‘d in a st.ite of 
])urity by heating ammonium dichromate* 

(XHJ.TiA-- i qHoOt. 

If once started the reaction goes on by itself, and this is the basis 
of the well-known ‘ volcano ' experiment, in which a heap of 
ammonium dichromate is ignited by a red-hot wire thrust into it. 

C’hromium sesijuioxide as thus prepared is a voluminous green 
jiowdei insoluble in water; it has been used as a pigment. It is very 
difficult to reduce, but can readily be oxidized to a chromate by 
fusion with a base and an oxidizing agent such as potassium per- 
manganate. Its rate of solution in acids, like that of many other 
metallic oxides, dejiends on the temperature to which it has been 
heated, and if it has been strongly ignited is very small. Associated 
wity varying amounts of watiT, it is ]ir(’cipitated as a jelly from 
chromic solutions by alkalis, but dissolves in excess. This is not 
due to the formation of a chromite (which cannot exist in aqueous 
solution), as can be shown by dialysis, which separates the whole of 
tlie sesquioxide; the alkaline solutions are in fact colloidal. The 
sesquioxide is also precipitated from such alkaline solutions by 
boiling or even on long standing. If ammonia is added to chromic 
solutions the same precipitate is thrown down, but it dissolves in 
excess of ammonia with a violet colour due to a complex chromium- 
ammonia ion. 



7o6 theoretical AND INORGANIC CHEMISTRY 

Chromium dioxide, CrOg, is prepared by heating the hydroxide 
in oxygen; on strong heating it deajmposes into the sesquioxide 
and oxygen. It can be precipitated from cold solutions of a 
chromate and a chromic salt : 

Cr04''+2Cr ‘-f 2H.,0- ^CtO^ j +4H*. 
a reaction which supports the view that it is a compound of the basic 
sesquioxide and the acidic trioxide — CrgOg.CrOj. It is decomposed 
by boiling water into the sesquioxide and chromic acid: 

CrgOg-C rOjH- H .fi Cr^O^+U^CTO 4. 

Chromous oxide, CrO. is best prepared by warming chromium 
amalgam with dilute nitric acid, which dissolves the mercury and 
oxidizes the chromium. It is a black powder which may inflame in 
the air, forming the sesquioxide. Chromous hydroxide, Cr(OH)2. 
can be precipitated from chromous solutions by alkalis, but the 
oxide cannot be obtained by removing the elements ot water from 
this substance, which loses hydrogen on heating: 

2Cr(OH)2=Cr.p3+H2 1 +Hp t . 

Chromium trioxide, CrOy. — Beautiful scarlet needles of this 
substance are precipitated when concentrated sulphuric acid is 
added to the concentrated solution of a dichromate: 

HgCrp,— Hp= 2 Cr 03 j . 

They are washed with concentrated nitric acid and dried by warminr; 
The trioxide melts at 196® and on stronger heating is converted to 
the sesquioxide with loss of oxygen. It is very soluble in water, 
forming dichromic acid, HgCrgO^, and in the solid state or in solution 
is a powerful oxidizing agent. With organic substances such as 
paper or alcohol the reaction may be violent. 

Chromic Compounds. — Solution of these compounds, which 
contain tervalent chromium, may be obtained by dissolving the 
sesquioxide in acids, or the metal in acids in the presence of air, or 
by reducing chromate or dichrornate solutions with, say, sulphur 
dioxide : 

Crp. " f 3S0.2-f 2H’ - 2Cr' *‘+3804"+ Hp. 

These solutions may be green or violet according to the temperature 
and the concentration. They have an acid reaction from hydrolysis 
if they contain anions of a strong acid. The varying colours are 
attributed to the existence of different complex cations in which 
the chromium has a covalency of .six and is associated with molecules 
of water and sometimes with the acidic clement or radical of the 
salt : this will be discussed more fully under chromic chloride. 

Chromic chloride, CrClg, may be obtained in solution by the 
methods just described. The anhydrous salt is obtained by the 
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action of chlorine on the metal at 600°, or by heating in chlorine a 
mixture of the sesquioxide and carbon, or by heating the sesqiiioxide 
alone in the vapour of sulphur chloride. It is a violet crystalhne 
substance with a high melting-point, which on heating in the air 
loses chlorine and is converted to the sesquioxide. 

The anhydrous salt will dissolve in water only in the presence of 
small traces of other substances, such as chromous salts. The 
anhydrous substance can be recovered from the solution by 
evaporating to dryness in a current of hydrogen chloride. 

Dilute aqueous solutions of chromic chloride are violet, concen- 
trated solutions green, though the change from one form to the 
f'ther is not always rapid. Moreover, precipitation exfieriments 
with silver salts show that while the whole of the chloride can be 
immediately precipitated from the violet solutions, the green 
solutions yield only one-third of their chlorine. Bjekkum suc- 
ceeded in isolating from the solutions a third substance, pale green 
in colour, from whose solutions two-thirds of the chloride could 
be precipitated. The cations present in these solutions are therefore 
formulated: 

fCiCd.^.qHgO]* dark green 
[CrC 1 . 5 J I.^Oy ’ pale green 
[Cr.6lI,Or’’ violet 

It is only to be expected that dilution should favour the formation 
of the violet lorm: 

[CrCl2.4H20]+2H.p^[Cr.6H20j' +2Cr, 
and the reverse change tends to take place on heating. All these 
solutions deposit the same chromic hydroxide on treatment with 
alkali. 

Chromic bromide, CrBrj», shows a somewhat similar behaviour in 
solution, and can be prepared by similar methods. 

Chromic sulphate, Cr.,(S04)3. — This substance is obtained by 
dissolving chromic hydroxide in hot concentrated sulphuric acid 
and allowing the solution (at first green) to stand, when it becomes 
violet and deposits violet crystals of the hydrated sulphate. All 
the water may be driven off by heating in the air, leaving the 
violet anhydrous compound, readily soluble m water. Solutions 
of chromic sulphate may be either violet or green and may precipitate 
the whole or only a part of the contained sulphate radical on treat- 
ment with barium solutions: they undoubtedly owe their peculiar 
properties to complex ions, but the nature of these is still uncertain. 

Potassium chromium sulphate, * chrome alum/ 

K5jS04.Cr2(S04)5.24Hjj0. 

This well-known member of the alum family is a by-product of the 
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manufacture of alizarin, and may be obtained by reducing a solution 
of potassium dichromate in dilute sulphuric acid with sulplnu 
dioxide, when it is precipitated in large purple crystals, readih 
soluble in water. Chrome alum is a double and not a complex 
salt, and its solutions have the peculiarities of solutions of chroniK 
sulphate. 

Chromic sulphide, CrgSg, cannot be prepared in the wet way, a> 
the addition of a sufficient concentration of sulphide ions to chroniK' 
solutions leads to the precipitation of the h^^droxide: 

2Cr'**-f 3S"-|-6H20-2Cr(0H)3; +31-1.381 . 

This must be carried out in alkahne solution, since in acid so]uti<^n 
the sulphide ion concentration is inadeijuate. In the dry way thr 
comy^ound may be yirepared by heating the sesquioxide in hydrogen 
sulphide, or in carbon disulphide vapour. 

Chromic nitrate, Cr(N03)3, has not been prepared in the anhydrous 
condition, as the hydrates are dccomy)osed by heat. Various 
hydrates can be prepared from the solution obtained by dissolving 
cliromic hydroxide or chromium sesquioxide in nitric acid. 

Chromic carbonates. — The additioii of carbonate solutions to 
chromic solutions leads to the preciyutation of light green basic 
carbonates. The anhydrous carbonate has not been prepari'd. 

Chromammines. — By treating chromium compounds under suit- 
able conditions with ammonia, often in company wdth ammonium 
chlf)ride, a large number of chromammines can be y^repared, 
compounds containing a complex cation in which the chromium 
atom has a co valency of six and is associated with from one to 
six molecules of ammonia. Thus chloropentammino chromic chloride, 
[CrC1.5NH3]CL3, is prejmred by the action of liquid anmionia 
on anhydrous chromic chloride, and by the action of a little 
water on this compound, chloroaquotctrammino chromic chloride. 
[CrCl.H20.4NH3jCl2, is derived. These compounds strongly recall 
the cobaltammincs (p. 349). 

Chkomous Compounds, — ^These are obtained by dissolving 
chromium in acids (e.g. dilute sulphuric acid) in the absence of 
air, but this is an inconvenient method, and the energetic reduction 
of chromic salts is better. Chromous solutions are sky-blue in 
colour and are not markedly hydrolysed, but are very readily 
oxidized even by the air, since the oxidation potential of the 
change Cr”’->Cr” is —0-4 volt. They have been used as powerful 
reducing agents and lor the removal of oxygen from mixtures of 
gases. 

Chromous chloride, CrClg. — The anhydrous compound, prepared 
by heating anhydrous chromic chloride in hydrogen, is colourless, 
and dissolves freely in water to form a blue solution. This is more 
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readily prepared by reducing a solution of potassium dichrornate 
witb zinc and hydrochloric acid. In preparing chromous solutions 
it is important first to remove all dissolved air from the reagent 
solutions by prolonged boiling or by warming under reduced 
pressure. From concentrated solutions of chromous chloride, 
])rcpared from chromous acetate (see below), the tetrahydrale 
OCI2.4H2O can be precipitated with gaseous hydrogen chloride, 
and on cautious warming in an inert gas this yields the arilu^drous 
compound. The density of the vapour obtained by healing this 
substance to a high temperature shows that, even at 1300'"', the 
mean molecular weight is nearly double that required by the 
formula CrC^. 

Chromous acetate, Cr(CH3.C00)2.H20. — By adding sodium 
acetate to the crude solution of chromous chloride prepared in 
the manner just described, it is possible to precipitate this compound 
in red crystals, which by treatment with acids can be used for the 
preparation of other chromous sails. 

Chromous sulphate, CrS04.7M20, crystallizes as blue crystals 
from solutions which can be prepared by the methods already 
described. 

Chromites. — These compounds, analogues of spinel (j). 535), 
cannot be prepared by dissolving chromium sesquioxide in caustic 
alkalis, as the solutions thus obtained can be shown by dialysis 
to be colloidal. The soluble chromites arc decomposed by water, 
but stable compounds can be produced by fusing basic oxides with 
chromium sesquioxide (e.g. magnesium chromite, p. 705), or by 
fusing the chloride of the melal with potassium dichromate and 
extracting the product wdth concentrated hydrochloric acid, e.g. : 

2BaCl2-|-2K2Cr207=^2BaCr204-l-4KCl+302 1 • 

Chromates and Dichromates.— Chromium trioxide dissolves 
freely in water with evolution of heat. Salts are known derived 
from two acids corresponding with this oxide, chromic acid, Il2Cr04, 
and dichromic acid, HgCroO^. The chromates are yellow in solution, 
the dichromates orange, and chromate solutions are slightly 
alkaline while dichromate solutions are slightly acid. The chromates 
are converted to dichromates by the addition of acids, and these 
are reconverted into chromates by alkalis. Neither chromic nor 
dichromic acid can be isolated from solutions of chiomium trioxide, 
for on evaporation to dryness decomposition takes place with loss 
of oxygen, and the final product is the sesquioxide. 

The equilibrium in solution between chromates and dichromates 
is most naturally represented by the equation: 

2 Cr 04 M- H’ ^Cr 207 " + OH', 

which explains the action of acids and alkalis and the hydrolysis 
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of the solutions. Careful spectroscopic examination of the solutions 
shows that this is only part of the truth. The predominating ion 
in solutions of dichromates is the 6^chromate ion HCr04', produced 
by hydrolysis: 

Cr20/+H,0^2HCr0;, 

and the ^zchromate ion CrgO^'" is present in large proportion onlv 
in concentrated solutions. Nevertheless the solid dichromates 
contain the ion Cr.^ 0 /, and the term ' dichroraate ' should bo 
applied to them, since the prefix ‘ bi- * by long usage indicates an 
acid salt — that is, an acid in which not all the replaceable hydrogen 
has been replaced — such as sodium hydrogen carbonate, ‘ sodium 
bicarbonate,’ NaHCOj. 

In the presence of acids dichromates are powerful oxidizing 
agents, and each dichromate ion liberates three atoms of oxygen: 

Cr A '+ 3 H* - 2Cr • * ' -f 4H ,0 + 3O 
or 2HCr04'+8H‘~2Cr“-|-5H20+30. 

Dichromates will liberate chlorme from hot concentrated hydro- 
chloric acid, and will oxidize bromides, iodides, sulphites, hydrogen 
sulphide (to sulphur), ferrous salts, and many other reducing 
substances. In the titration of ferrous salts with dichromates 
potassium ferricyanide was formerly used as external indicator, 
but the discovery that diphenylaniine can be used as an intenial 
indicator has greatly improved the process. 

Oxidation of certain organic compounds — e.g. ethyl alcohol — 
by dichromates is much affected by light. 

The chromates are obtained by the oxidation of chromic com- 
pounds in the presence oi a base, either in the fused state (at these 
temperatures the oxidation can be carried out with air) or in solu- 
tion. The only soluble chromates are those of the alkali-metals, 
ammonium, and the alkaline-earth metals, including magnesium, 
but with the exception of barium. Since chromic acid is a weak 
acid, many chromates insoluble in water will dissolve in solutions of 
strong acids, which convert them to dichromates. Soluble chromates 
are poisonous. 

Potassium chromate, K2Cr04, is prepared on the large scale by 
fusing chrome iron ore with caustic potash and potassium nitrate 
and extracting the product with water. It is a yellow substance, 
melting at 970° and very soluble in water. 

Pota^ium dichromate, K2Cr,207, is prepared by roasting the ore 
with lime and potassium carbonate. The product is extracted with 
water and more potassium is added in the form of sulphate; the 
liquid is then made acid with sulphuric acid and evaporated. The 
resulting potassium dichromate can easily be purified by recrystal- 
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lization, since it is very soluble in hot but not very soluble in 
cold water, and is supplied nearly pure for use in photography. 
It is an orange substance, melting at about 400°, which on very 
strong heating yields the chromate, chromium sesquioxide, and 
oxygen : 

4K2Cr207=4K^Cr04-f 20203+302 t • 


Its solutions are much used in volumetric analysis as oxidizing 
agents, and have certain advantages over permanganates; thus 
they are unchanged on keeping, do not atfcct rubber, and can safely 
he used in cold dibit e hydrochloric acid. They can be prepiared 
from a known weight of pure fused potassium dichromate. 

Ammonium dichromate, (NH4)2Cr207. — The decomposition of 
this substance by heat has been described (p. 705). 

Sodium chromate and sodium dichromate resemble the potassium 
salts, but are still more soluble in water. The latter salt is used 
in tanning leather. 

Barium chromate, BaCr04, is a lemon-yellow substance prepared 
by precipitation: it is almost insoluble in water but freely soluble 
in strong acids. As the chromate of calcium is soluble in 
Walter, tins substance is used in the separation of barium in 
analysis. 

Lead chromate, PbCr04, occurs in nature as crocoisite (p. 703), 
and IS puejiared by precipitation as a bright yellow substance 
which, under the name of ' chrome ycllow^' is used as a pigment. 
It is highly insoluble in water but soluble in acids, and is sometimes 
used in the analysis of lead compounds. 

Silver chromate, Ag2Cr04, is a brick -red substance prepared by 
precipitation. If a drop) of a silver nitrate solution is placed on a 
layer of gelatine containing potassium chromate in solution and 
spread on a glass plate, the pirecipitate forms in concentric rings 
separated by clear spaces. They are called 'Liesegang's rings' 
after their discoverer. The exact explanation of this curious 
ex])eriment has been much debated. 

Potassium chlorochromate, CrO2.Cl.OK. — This substance is 
deposited in red-brown crystals from solutions of potassium 
dichromate in warm concentrated hydrochloric acid: 


CroO," + 2 HCl=- 2 Cr 03 Cr -j-HaO. 

With sulphuric acid it yields chromyl chloride, and is intermediate 
between potassiam chromate and that comp)oiind: 
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Cbromyl chloride, CrOgClj. — ^This substance is prepared by dis^ 
tilling a dichromate and a chloride with concentrated sulphuric 
acid. The product contains hydrogen chloride and chlorine, from 
which it may be freed by one or two further distillations. It may 
also be prepared by the addition of concentrated sulphuric acid tc 
a well-cooled mixture of chromium trioxide and concentrated 
hydrochloric acid. The chromjd chloride forms a lower layer and 
may be separated. 

Cr 03 faHCl-CrO^Cl^+HaO. 

Chromyl chloride is a heavy liquid, density 1*96, with a splendid 
deep red colour, freezing at —96® and boiling without decomposition 
at 117°. It is a purely covalent compound soluble in organic 
liquids sucli as carbon tetrachloride; its solutions in these solvents 
are scarcely affected by sodium in the cold. It is immediately 
decomposed by water with the formation of chromic and hydro- 
chloric acids, being indeed the acid dichloride of chromic acid : 

Cr 02 Cl 2 -f 2 H 30 =-H 2 Cr 04 + 2 HCl. 

For this reason it fumes in moist air. It is a powerful oxidizing and 
chlorinating agent which has found practical use in organic chemistrv , 
and, if added in the pure state to easily oxidizable substances such 
as alcohol or phosphorus, produces inllarnmation or exjdosion. 

Chromyl fluoride, CrOoFg, is a similar substance obtained by heating 
lead chromate with calcium fluoride and sulphuric acid. The corre- 
sponding bromide and iodide are unknown, and this has been sug- 
gested as a method of separating chlorine from the heavier halogens. 

Perchromates. — When hydrogen peroxide is added to an acid 
solution of a dichromate the liquid becomes blue, and the coloured 
compound can be extracted with ether, in which it forms a deej^ 
blue solution. This is a very sensitive test cither for dichromates 
or for hydrogen peroxide. The blue substance is not a perchromic 
acid, but an oxide CrOg, wliich by the addition of pyridine is con- 
verted into the compound py->CrOg, insoluble in water. From 
this blue solid alkalis release pyridine, but the remaining CrOg is 
completely decomposed, and no salt is formed. The constitution of 
the oxide CrOg is still uncertain, but it is almost certainly a peroxide. 
From alkaline chromate solutions hydrogen j^eroxide forms true 
perchromates, as red solids, M^CrOy. 

Molybdenum 

Mo =95*95. Atomic Number, 42 

History. — ^Althougli there is no doubt that molybdenum minerals 
were known even as early as the fourth century B.c., they were 
confused with galena and graphite, and it was not until 1778 that 
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ScHEELE showed that molybdenite (MoSg) is a compound of sulphur 
\vilh a metal. The metal itself was isolated by Hjelm in 1782, and 
was called molybdenum. 

Occurrence and Extraction. — Molybdenum is one of the less 
common metals, but small quantities of its ores occur in many 
parts of the world. The principal ores are molybdenite, MoSg, 
from Australia, Austria, and elsewhere, and wulfenite (lead molyb- 
date), PbMo04, from Austria, Siberia, and the United States. 

Molybdenite is roasted in air, and the trioxide, M0O3, thus 
obtained is dissolved in ammonia, the product being ammonium 
molybdate, (Nll4)2Mo04. This is purified by processes depending 
on the nature of the elements to be eliminated, and is then converted 
to the trioxide, M0O3, by heating. From this substance the metal 
may be prepared by the Goldschmidt process (p. 533). 

Properties. — Molybdenum is a hard white metal with a very high 
melting-point (about 2620°). It is added in small quantities to 
steel to improve the tensile strength, and is also used in certain 
alloys to increase the magnetic retentivity. On account of its 
resistance to high temperatures, it is used for the filament supports 
of amplifying valves. 

Molybdenum is slowly oxidized when heated in the air, and can 
be burned in oxygen at a red heat. It does not readily dissolve 
in most acids, but nitric acid of intermediate concentration dissolves 
it without difficulty. 

Oxides and Hydroxides. — Molybdenum sesquioxide, MogOg, 
like chromium sesquioxide, is weakly basic, the dioxide, MoOg, 
probably corresponds with no series of salts, and the trioxide, 
M0O3, like chromium trioxide, is strongly acidic. 

Molybdenum sesquioxide, M02O3, is obtained in the hydrated 
condition by reducing the other oxides or a molybdate solution, 
often with zinc and sulphuric acid. The addition of an alkali to 
the solution precipitates the trihydroxide, Mo(OH)3, as a brown 
powder, and it is doubtful whether the anhydrous oxide can be 
prepared. The hydroxide dissolves in acids to give purple solutions 
of salts such as M0CI3 or Mo2(S04)3. It is not, however, possible 
to isolate these salts by evaporation of the solution, as hydrolysis 
takes place. 

Molybdenum dioxide, MoOj, may be obtained by gentle oxidation 
of the sesquioxide, or by reducing hydrated molybdenum trioxide 
(molybdic acid), as for instance with hydrogen. It is a grey 
substance which will not dissolve in acids, except nitric acid, which 
oxidizes it. 

Molybdenum trioxide, M0O3, is obtained, as already described, 
by roasting the sulphide m air. It may be prepared in a state of 
purity by heating ammonium molybdate, purified by several 
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recrystallizations, first alone, then in a stream of oxygen. It 
a white fine powder like talc, which on very strong heating 
sublimes. It dissolves in water, forming molybdic acid, of whicli 
the simplest formula is H2M0O4, and in alkalis to form molybdate 
solutions. It may also, if it has not been heated to too high a 
temperature, dissolve in acids, yielding molybdenoxyl compouncL 
such as MoO(OH)2Cl2 with hydrochloric acid, and M0O2SO4 with 
sulphuric acid. 

Molybdates.— The molybflic acids form several series of salts 
of great com])lexily. Solutions of the monomolybdales, which 
perhaps contain the ion M0O4", readily yield more highly condensed 
substances. Amnioniuvt para}n()lyhdate is obtained by evaporating 
a solution of the trioxide in ammonia, and has the formula 
(NH4)6Mo7024.4n20. It is soluble in water, and the solution in 
dilute nitric acid is used in the detection of soluble phosphates, 
with which a bright yellow precipitate of ammonium phospho- 
molybdate is thrown down. After heating, this compound has 
a (omposition which may be re]>rescnted as (NH4)3pOi.i2Mo03. 
ITom the nitric acid solution of ammonium paramolybdate there 
separates a white precipitate of molybdenum trioxide, associated 
with varying amounts of water, so the solution should always be 
freshly made up when required for analysis. 'Fhc simple ammonium 
mononiolybdate, (NH4)2Mo04, may be obtained by evaporation of a 
solution of ammonium jniramolybdate in excess of ammonia. 

Molybdic acid and the molybdates are weak oxidizing agents 
which will liberate iodine from acid iodide solutions, being tliem- 
selves reduced to a molybdenum oxy iodide, MoOoI, in which the 
molybdenum is quinquevalent: 

2 Mo 04 '+ 4 T+ 8 ir- 2MoO,I+l2+4Jl20. 

Halides. — Molybdenum hexafluoride, MoF^, is produced by the 
union of the elements, and may be compared with the similar 
compounds of tungsten and uranium. It is a white solid, melting 
at and is decomposed by water. 

Molybdenum dichloride, (MoClg)^, is obtained by heating the tri- 
chloride in an inert atmosphere, when the tetrachloride distils off, 
leaving behind a yellow powder, without reducing properties, and of 
composition (MopCl8)Cl4, the bracketed group being a complex cation, 
whose unique nature has been revealed by X-ray methods. The 
valency of the contained molybdenum is uncertain. 

Molybdenum trichloride, M0CI3, is obtained in solution by reducing 
a solution of molybdenum trioxide in hydrochloric acid. The 
solution is decomposed by boihng. The anhydrous salt may be 
prepared by reducing the pentachloride in hydrogen, but when 
prepared in this way it will not dissolve in water. 
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Molybdenum pentachloiide, MoClg, is prepared by the action of 
chlorine on warm molybdenum. It is a deliquescent substance, 
melting at 194° and boiling at 268°; its solutions in water are 
unstable. 

Pennolybdates. — ^The addition of hydrogen peroxide to acid 
molybdate solutions produces a yellow colour but no molybdenum 
compound is extracted by ether. 

Molybdenum blue, see p. 717. 

Tungsten 

W= 183*86. Atomic Number, 74 

History. — Agricola, in the sixteenth century, mentioned a 
mineral called lupi spuma, a name that he derived from the German 
wolfram, i.e. ‘ wolf-froth ' (FeW04 mixed with MnW04). From 
a somewhat similar mineral, now known as sckeelite (CaW04), 
Scheele in 1781 obtained lime and a new metallic acid. Two 
years later, the brothers de Elhuyak, p)Ossibly acting on Scheele's 
direction, showed that wolfram contains the same metallic acid 
as scheelite, but associated with iron and manganese instead of 
with calcium. They succeeded in isolating the oxide of the new 
metal, and on reduction with charcoal this yielded the metal, 
tungsten. It is lilcely that Scheele himself independently discovered 
a method of isolating tungsten, perhaps before the Spaniards had 
done so. 

Occurrence and Extraction. — Tungsten is not an abundant 
element: its most important ore is wolframite, a mixture of the 
isoinorphoiis tungstates of iron and manganese, FeW04 and MnW04. 
There are important deposits of this mineral in Russia, Spain, the 
United States, and elsewhere. Another important ore is scheelite, 
or calcium tungstate, CaW04, which is found in the Malay Peninsula. 
These minerals are crushed and roasted ; sodium carbonate is added 
either before or after the roasting, and the product is extracted 
with water, in which sodium tungstate dissolves while most ot the 
impurities do not. The addition of acids to these solutions pre- 
cipitates hydrated tungsten trioxide, WO3, which is washed and 
dried. The reduction of this oxide to the metal, though difficult 
is less so than the reduction of the conesponding oxides of chrommn. 
and molybdenum; it may be carried out either by the thermit 
process, by reduction with carbon, or by electrolysis ol a solution 
oi tungstic acid in a fused mixture ot alkali-metal chlorides 11 
the thermit process is used, an excess ol aluminium must be avoided, 
or some ol it will be found in the product, on whose properties 
it has a deleterious effect. A useful tungsten-iron alloy can be 
prepared by the reduction with aluminium powder ol mixed oxides 
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of tungsten and iron. Such alloys, often containing chromium as 
well, are used for cutting-tools, and an alloy of tungsten, cobalt, 
and chromium is used in the manufacture of surgical instruments. 
The principal use of tungsten is, however, the manufacture of 
filaments for electric-light bulbs. 

Tungsten Filaments , — The earliest filaments for use in these 
bulbs were made from carbon. The first inventor to make a lamjj 
with a satisfactory metal filament was Auer von Welsbach, whose 
discovery of the incandescent gas-mantle has already been men- 
tioned (p. 597). The original metal filaments were made from the 
rare metal osmium, but they were very fragile, and the high cost 
of osmium (at that time about £100 per lb.) was a serious disadvan- 
tage. The great obstacle to the use of tungsten filaments was the 
difficulty of drawing the metal into wires, for tungsten, as obtained 
by all processes except the electrolytic, is a most refractory powder, 
melting at over 3000'', the liighest melting-point of all known 
metals except rhenium. The modern process is a])proximately as 
follows. The powder is compressed into very brittle — indeed fragile 
— bars in a hydraulic press, and the bars are then heated several 
times to 2000° in an electric furnace in an atmosphere of hydrogen. 
After this heat treatment the metal is fairly malleable, but while 
the wire is being drawn it is constantly hammered. The filaments 
produced in this way are very tough, though they are only about 
one-fortieth of the diameter of a human hair. The emitting fila- 
ments of amplifying valves are usually made from tungsten coated 
with barium oxide, which improves the electron emission. 

Properties. — Tungsten is a hard white metal which will take a 
high polish. Its melting-point (3370°) is extremely high, and it 
is this fact, combined with its indificrence to nitrogen at all tem- 
peratures, that has led to its use in filaments. Moreover, the 
resistance of a tungsten filament increases with the temperature, 
whereas that of a carbon filament diminishes, so that the current 
through tungsten lamps is much steadier than through carbon 
lamps. Modem filaments work at so high a temperature (up to 
2500°) that even tungsten tends to volatilize, but it is found that 
the volatilization can be reduced by filling the bulb with nitrogen 
or argon instead of evacuating it. 

Tungsten is oxidized when heated in the air, and will decompose 
steam at a red heat, but it is even less readily dissolved by acids 
than is molybdenum. It can, however, be dissolved by fused 
alkalis or fused oxidizing agents. 

Oxides and Hydroxides. 

Tungsten dioxide, WO2, is prepared by heating the trioxide in 
hydrogen, or by reducing tungstate solutions with zinc and 
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hydrochloric acid. The corresponding hydroxide, W(OH)4, has been 
prepared by electrolytic reduction of tungsten solutions. Both 
substances are insoluble in water and are powerful reducing agents. 
I'hey are soluble in some acids and yield reducing solutions which 
eontain quadrivalent tungsten salts. 

Blue oxides of molybdenum and tungsten. — It has long been known 
that the first product of the gentle reduction of the trioxides of 
molybdenum or tungsten is often seen as a deep-blue solution or a 
blue-black solid, easily soluble in water. Similar blue compounds 
result from the mild oxidation of compounds in lower valencies as 
a penultimate stage in the final formation of the trioxide. Such 
products are found to contain metal and oxygen in atomic pro- 
portions between i : 2*5 and i : 3 and they are ajiproximately 
represented by a formula M4OJ,. As they arc amorphous and 
afford no definite X-ray pattern their constitution remains obscure. 
It is plausible to assume that these blue oxides are members 
of a limited range of solid solutions of trioxidc M0O3 and pentoxide 
M02O5. 

Tungsten trioxide, WO3, is obtained, as already described, from 
tungsten ores, and may be prepared in a state of purity by strongly 
lieating ammonium tungstate in the air. It is a dense yellow powder, 
insoluble in water or acids, but soluble in alkaline solutions to form 
the tungstates. It is unchanged by heating to a high temiierature 
in the air. 

Tungstic acid and the Tungstates.— acid is precipitated 
when solutions of the tungstates are acidified ; the formula may be 
H2WO4 (yellow), or H4WO6 (white), according to the temperature. 
If these substances arc heated, water is given off and the trioxide 
remains. Tungstic acid resembles molybdic acid in the formation 
of a large number of condensed salts. Two of the more definite 
classes are the normal tungstates, derived from H2WO4, and the 
metahmgstates, Me(H2W3204o).:rH20. The normal tungstates of 
the alkali-metals and magnesium arc soluble in water; the other 
normal tungstates are nearly insoluble. The tungstates have little 
or no oxidizing power. 

Halides. — Tungsten hexafluoride, WF^, prepared from tung- 
sten hexachloride and antimony trifluoride, is colourless, reacts 
with water, and fumes in the air; it boils at 19-5°. 

Tungsten dichloride is obtained by reduction of the higher 
chlorides, but like the corresponding compound of molybdenum 
probably docs not possess the simple formula. It is a powerful 
reducing agent decomposed by air or water (cf. p. 714). 

Tungsten trichloride is unknown, but by reducing a solution of a 
tungstate of an alkali-metal with tin and hydrochloric acid a stable 
series of salts such as K3W2CI5 can be prepared. Concentrated 
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solutions are green, but the dilute ones are yellow. These solutions 
contain tcrvalcnt tungsten and are strong reducing agents. 

Tungsten tetrachloride, WCI4, is obtained by cautious reduclicm 
of the higher chlorides with hydrogen. It is a brown solid which 
when heated yields the dichlonde and pentachloride, and is decom- 
posed by water with formation of the dioxide. 

Tungsten pentachloride, WCI5, is obtained by distilling the hexa- 
chloride. It is a grey solid, meeting at 250° and boiling at 275 . 
and with water yields the blue oxide. 

Timgsten hexachloride, WCl^., is the highest chloride of the meti.l, 
and is produced by union of the elements in the absence of air. it 
is a violet substance, melting at 275° and boiling at 346". Tlu^ 
density of the vapour shows it to be partially dissociated, probably 
into the pentachloride and chlorine. When exposed to moist air 
it forms a volatile oxychloride, WOCI4, and is violently hydrolysed by 
water, yielding finally the hydrated trioxide, WO3. 

Pertungstates. — These compounds resemble the i^ermolybdates. 


Uranium 

U=238*o7. Atomic Number, 93 

History. — ^The discovery of uranium is due to Klaproth, who in 
1789 showed that it was contained in the mineral pitchblende. The 
name uranium, was given to the new metal in commemoration of 
Herschel’s discovery of the planet Uranus a few years earlier 
(1781). Klaproth believed himself to have isolated metallic 
uranium, but Pkligot (1842) proved that Klaproth's ‘ uranium ' 
was really an oxide, from which the metal could be extracted by 
further reduction. The observation that uranium salts are radio- 
active — an observation that led to the discovery of radium — was 
made by Becquerel in 1896. 

Occurrence and Extraction. — Uranium is a scarce element, and 
its ores are also processed for the still scarcer element radium 
(p. 304): uranium itself is required for the modem projects of 
utilizing atomic energy. The chief source of uranium and radium is 
now the deposit of pitchblende, containing UgOg, discovered in 
1930 at the Great Bear Lake in Canada. Before this discovery the 
richest known deposits were in the Belgian Congo. The radio- 
active relations of uranium have already been described (p. 308). 

The uranium ore is intimately mixed with sodium carbonate 
and heated in a reverberatory furnace. The uranium is now present 
as sodium uranate, which can be extracted with dilute sulphuric 
acid. At this point the barium and radium separate out as insoluble 
sulphates. Other impurities are precipitated from the solution by 
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the addition of sodium carbonate, vvliich leaves the uranium in 
solution as sodium uranyl carbonate. This solution is acidified 
and evaporated, and sodium diuranate, Na2U207.6H20, is obtained 
as a yellow solid. Alternatively the solution may be boiled with 
ammonium sulphate, which precipitates ammonium diuranate, 
(NH 4)20.207, from which urano-uranic oxide. UgOn. can be obtainecl 
by strong heating. 

The pireparation of metallic uranium is difficult. Urano-uranic 
oxide may be reduced with carbon or magnesium or calcium in the 
electric furnace, or uranium tetrachloride, UCI4, may he heated 
with sodium in a steel bomb. 

Properties.— Metallic uranium is a fairly hard white metal which 
will take a high poli.sh. It is malleable, ductile, and has a melting- 
|)oint (1150") very much lower than those of the other metals 
of the sub-group (cf. tungsten, 3370°). The metal is much more 
reactive than tungsten. It tarnishes in the air and readily 
burns when heated. It liberates hydrogen from dilute acids, and 
])recipitates the more electronegative metals from solutions of 
their salts. 

Oxides and Hydroxides. — The principal oxides ol uranium 
arc the basic uranous oxide, UO2, corresponding with the uranous 
salts, the intermediate urano-uranic oxide, UaOg, with which no 
series of salts corresponds, and the amphoteric trioxide, UO3. 

Uranous oxide, UO2, is obtained by heating urano-uranic oxide 
in hydrogen, and is a stable substance which may be black, brown, 
or red according to the method of preparation employed; the above 
method yields a black product. It may also be prepared by heating 
sodium uranate with sodium chloride and charcoal, and washing 
soluble impurities from the product with dilute acid. When gently 
heated in the air it takes up oxygen and is converted to urano-uranic 
oxide, but on strong heating the lower oxide is regained. It dis- 
solves in ac ids only with difficulty, but by nitric acid is readily 
converted to uranyl nitrate, U02(N03)2. It is a weak reducing 
agent which will precipitate silver from ammoniacal solutions of its 
salts, being itself converted to the trioxide. Uranous hydroxide, 
U(0H)4, is precipitated from uranous solutions by alkalis, and 
readily dissolves in acids. It is oxidized by the air, and uranous 
solutions are reducing agents. 

Urano-uranic oxide, UsO^, is found in nature, as already described, 
but may be artificially prepared by heating either the higher or the 
lower oxides to a moderate temperature in the air. It dissolves 
in acids, though with reluctance, to form solutions which contain 
both uranous and uranyl salts : 

UyOs+HH' =ir" +2U02' -f 4H2O. 
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XJTanium trioxide, UO3, is best obtained by gently heatint^^ 
ammonium diuranate : 

(NHJ.UA- 2 U 03 -f 2NH3t -l-HoOf 

(compare ammonium dichromate). It is a red or yellow substance 
which yields urano-uranic oxide on heating. It forms liydratiN 
b^03.Ho0 and UO 3 . 2 H 0 O, which may also be represented as HoUO^ 
and H4UO5 (different forms of uranic acid), and dissolves readil\ 
in alkalis to form uranates. It also has weakly basic properties, 
but these are confined to the formation of uranyl salts containii e 
tlie ion UOg ’ : 

U03+2ir-U0..- +H,0. 

Uranic acid and the Uranates. — I'he uranic acids are obtained by 
dissolving the trioxide in water or by the hydrolysis of the uranyl 
compounds. In addition to the normal acid H2UO4, other con- 
densed acids exist, but the compound ILU2O7, from which the 
stable diuranates are derived, is itself unknown. These diuranate^'. 
are olten yireparcd by ])recipitating a uranyl solution with a ba.se' 

2U02"H ()0H'-Up7"+3H.,0. 

The uranates arc insoluble in water, even tliosc of sodium, potassium, 
and ammonium. They are stable substances with little or n<) 
oxidizing action. 

Uranyl salts. — These salts, which contain the ion UOo*’, are pre- 
pared by dissolving the trioxide in acids, or by oxidizing solutions 
of uranous salts, e.g. by boiling with nitric acid: 

U’ '+ 0 +H 20 -U 02 ''+ 2 H\ 

Such uranyl compounds as the halides, sulphate, or nitrate are 
readily soluble in water, but the solutions are much Ij^alroly.sed, 
aie strongly acid, and may deposit basic salts or even uranic aci<l 
on evaporation. 

Halides. — In these compounds uranium shows all valencies 
from three to six, the highest being seen in the hcxachloridc , UCl,., 
and in the hexafluoride, UF^. This substance, together with the 
tetrafluoridc, Ub'4, is produced by the action of lluorine on the 
lientachloride. It is pale 3’ellow, sublimes at 50"*, is decomposed 
by water and chemically reactive. The tetrafluoride, on the other 
hand, is an insoluble substance precipitated from uranous solu- 
tions by soluble fluorides, and is sometimes used in the analysis 
of uranium compounds. It has a high melting-jioint (about 
1000'’) and iippcars to be a true salt, while the hexafluoride is 
covalent. 
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Combitiation of uranium and chlorine leads to the formation of 
tli(‘ tetrachloride, UCI4, together with a little of the more volatile 
pcntachloride, UCI5. A healed mixture of the oxide and carbon may 
I )(? substituted for the metal. The tetrachloride forms beautiful dark 
green crystals, which on strong heating form a red vapour. It is vci y 
deliquescent and dissolves freely in water. Its solution is hydrolysed 
nnd has a strong acid reaction; it is a powerful reducing agent on 
account of the facility with which it gives rise to uranyl compounds. 

IJramiim trichloride, UCI3, is prepared by reducing the telra- 
( hloride with hydrogen. It dissolves in water to form a red solution 
which has very powerful reducing properties, and slowly decom])Oses 
with evolution of hydrogen and formation of the letrahydroxide, 
U(0II)4. ^ 

Oxyhalide. — Uranyl chloride, U02C12, is obtained by the action 
of chlorine on uranous oxide. It is a soluble yellow substance 
whose solutions can be prepared without difficulty by the oxidation 
of solutions of the tetrachloride, e.g. with nitric acid. The solution 
is hydrolysed and deposits uranic acid on keeping. 

Uranoiis nitrate does not exist, since uranous compounds are 
oxidized by nitric acid, but 

Uranyl nitrate, U02(N03)2.6H20, which results from attempts to 
prepare it, is a stable substance and the commonest compound of 
uranium. It is prepared from roasted uranium ores by dissolving 
them in nitric acid and recrystallizing. If required pure, it may be 
obtained from nitric acid and any oxide of uranium. The crystals, 
which are yellow in colour, give out flashes of light when crushed 
or shaken. Uranyl nitrate is extremely soluble in water and 
organic solvents. The aqueous solution contains the ions UOo’* 
and NO3', but is much hydrolysed ; the anhydrous salt can, however, 
be prepared by cautious evaporation of the solution under suitable 
conditions. It decomposes on heating. 

Uranous sulphate, 11(804)2 (hydrated), is prepared in solution 
from uranous oxide and sulphuric acid. 1'he anhydrous compound 
is unknown, but there is a large number of hydrates. The solutions 
are hydrolysed and are reducing agents. 

Uranyl sulphate, UO2SO4, is premia red from uranyl nitrate and ebn- 
centrated sulphuric acid. It is soluble in water, and hydrates are 
known. 

Uranous carbonate does not exist, since the hydrogen ion concen- 
tration of uTanous solutions is sufficient to liberate carbon dioxide 
from carbonates. 

Uranyl carbonate. — Only basic carbonates can be precipitated 
from uranyl solutions by soluble carbonates, but fairly stable 
double salts of the normal carbonate with the alkali -metal carbonates 
can be prepared. 
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Peruranates.— If hydrogen peroxide is added to a stdution of 
uranyl nitrate, an insoluble pale yellow substance witli the formula 
UO4.2H2O is precipitated. If the solution is first made alkaliu'/ 
with caustic alkali, a solution is obtained supposed to contain 
])eruranate of an alkali-metal. The constitution of these compounds 
is uncertain. 
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GROUP VII 


FLUORINE, CHLORINE, BROMINE, IODINE, MANGANESE, 
TECHNETIUM, RHENIUM 

p -- 19*00; atomic number , g Cl == \ atomic number , 

:.^7q*9i6; atomic number , 35 I ==126*91; atomic number, 53 

Mb “- 54*93 1 atomic number , 2.'^ Tc= (99); atomic number , 

Re 1 8b- 31 ; atomic number, 75 

Mn — Tc — Rc 
Br— I 

This is one of the extreme groups of the periodic table, and the re- 
semblance between the subgroups is ver^^ slight; it is indeed, confined 
to those compounds in which tlie elements of Subgroup A dis])lay 
t heir group valency of 7. Technetium and rhenium are discoveries of 
fairly recent years, and little is yet known of the former; manganese 
is thus the only reasonably abundant representative of Subgroup A. 
Its resemblances with the elements of Subgroup B (and the typical 
elements) are to be found in the heptoxide and the permanganates. 
'Fhese are isomorphous with the perchlorates, but the significance 
of this similarity can easily be exaggerated, and is diminished by 
the fact that the mang^inates are isomorphous with the sulphates, 
with which they have no periodic relationship. 

Subgroup B, as might be expected, is closel}^ connected with the 
typical elements (compare the alkali -metals), with which it forms 
a group ol elements called the halogens. 

IHE HALOGENS 

These elements display a very well-marked gradation of pro- 
perties, though both the end members havT, several ])eculiarities. 

F Cl lly / 

O 17 7 .S 51 

ic} 00 S3'-l57 79-916 120 02 

17-2 2V:) '*i 7 -i 31 - 

1*36 i-8i 1-95 2 -t6 

— 22 T' --102’ - f ' III' 

_i8S" - 34° 59^ 183’ 

'rini HALOGt-NS 

7^3 




Atomic Number 
Atomic Weight 
Atomic Volume 
Ionic Kadii (from crystal 
measurements; m Ang- 
strom units) 
Melting-point 
Boilmg-pomt 
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As the atomic number increases the elements become less volatile, 
darker in colour, and chemically less active. The elements all cxLst 
in stable diatomic molecules whose tendency to dissociate into 
atoms on heating increases with the atomic number. The behaviour 
of their compounds is to a large extent controlled by the electroch* 
potentials of the elements, wliich are (volts): F, +2*85; Cl, 

Br, +1*065; I. +<^* 535 - Thus each element will displace froni 
binary compounds all elements to the right of it. Fluorine is t!i(‘ 
most powerful of all oxidizing agents, and with the exception of 
(*lectrolysis in the absence of wafer no method is known of oxidiziiu: 
fluorides to the element. Chlorine can be displaced from chlorid' 
solutions by strong dxidizing agents, whereas the liberation of 
bromine is easier, and of iodine easier still. The extreme electro- 
negative character of fluorine, connected with its unit negative 
valency and fairly low atomic volume, leads to certain peculiarities 
of behaviour which are discussed with the fluorid(‘S (p. 728). In 
iodine the electronegative character of the group is so far \veakent*(l 
that some tendency to electropositive behaviour appears. 1'lu‘ 
halogens can attain the electionic coniiguration of tlie adjac('nt 
inert gas in two ways: first, by absorbing an electron to give the 
anion X'; secondly, by release of an eh'Ctron, lollowed by co-ordina- 
tion with a donor molecule, such as pyridine. The lesult is a cation, 
(X-^py)‘. Fluorine excepted, all the halogens form salts of sudi 
cations, but those of iodine are the most numerous and the most 
stable. On electrolysis the iodine salts release iodine at the cathode. 
The amphoteric behaviour of hypoiodous acid (p. 751) is probably t(» 
be explained by assuming that water can to some extent act as donor to 
stabilize T as (I^-HoO)’. Among the inorganic compounds of terva- 
lent iodine are lound a nitrate, I(N03).,, a perchlorate, l(C104)3.2Ho(), 
and the oxide I/),, may be written 1(103)3. In these bodies I he tripo^i- 
tiv(^ cation T" may exist, but, at present, in the absence of know- 
ledge of their structures, such an assumption may be prematuie. 

Tlu^ h3drogen luilides form an equally well-marked series. The 
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The Hydkogen Halides 


abnormality of hydrogen fluoride will be noted, and is undoubtedly 
connected with the association of this substance. As might be 
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expected from the heats of formation, the dissociation into hydrogen 
and halogen in the gas phase requires a lower temperature with 
increasing atomic number of the halogen. The solubility of the 
gases in water, always very high, increases in this order. 

The individuahty of the elements comes out most strongly in 
their oxides. In the oxy acids of type HCIO^,, formed by all the 
halogens with the exception of fluorine, the order of stability differs 
from that of the hydrogen halides, for iodine will displace bromine 
or chlorine from the bromates or chlorates, while bromine will 
displace chlorine, at least partially, from the chlorates. Chlorine 
and iodine arc the only halogens to h)rm acids of type HCIO4. 
Perchloric acid and its salts are remarkably stable in solution, while 
the several condensed forms of periodic acid are characteristic. 

Separation of the Halogens in their Salts. — Fluorides can 
be removed without difficulty by precipitation of the other halides 
with silver nitrate, since silver fluoride is soluble. The other 
halides can be separated in solution by making use of the differences 
in the electrode potentials; they are usually liberated at a silver 
anode with a carefully regulated potential, and are weighed as 
silver halide. Alternatively chemical methods may be used, and 
the iodine alone liberated with a ferric solution; the oxidation 
potential Fe‘’*~>Fe“ is +0-77 volt. From a mixed solution of 
chloride and bromide, bromine alone can be liberated by a per- 
manganate solution of suitable acidity, but for this determination 
the conditions must be carefully watched. Alternatively the two 
halogens may be precipitated as silver halide, which is weighed and 
then heated in a stream of chlorine, to convert all the bromide 
to chloride. The weighing is then repeated. 


Fluorine 

F— 19*00. Atomic Number, 9 

History. — Though hydrofluoric acid was obtained, in an impure 
state, by the action of concentrated sulphuric acid upon fluorspar 
or ‘Blue John ' (CaFo), as early as 1771 (Scheelic), it was not until 
1810 that Ampere suggested that it might be a compound of hy- 
drogen with an unknown clement, fluorine, analogous to chlorine. 
Gay-Lussac and Thenard had previously (1809) carried out a 
thorough investigation of the acid, which they believed to be an 
oxide of a new radical; but after Davy (1810) had shown that 
chlorine is an element, the similarity between hydrochloric acid 
and hydrofluoric acid made it extremely probable that Ampere's 
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sugf^cstion was correct. In spite of great ingenuity and persever- 
ance, however, it proved impossible to isolate fluorine until i88(), 
when Moissan triumphed over severe experimental difficulties. 

Occurrence. — Eluorine is a fairly abundant clement, half as 
abundant, perhaps, as chlorine. The only important fluorine- 
containing minerals are fluorspar, calcium fluoride, CaFo, and tlie 
less common cryolite, sodium fliioalurninate, Na^AlF,,. 

Preparation. — Fluorine is the most reactive of all elements, and 
its ])reparation caused extraordinary difficulty. To this day ao 
chemical reaction, a]>art from electrolysis, is known from whieh 

are liberated, and the attempt t > 
prepare it by the electrolysis ot 
aqueous solutions always leads try 
the evolution of oxygen, whose eU c- 
trode potential is far below that of 
fluorine. The problem was solved for 
the first time in i 880 by the h'rencli 
chemist Moissan, who succeedt'd in 
preparing fluorine by the electrolysis 
of potassium hydrogen fluoride, 
KHF2» dissolved in anhydious 
hydrogen fluoride in a platinum 
a])paratus with platinum - iridium 
electrodes. The rapid modern 
development and utilization of fluor- 
ine compounds, especially of fluorin- 
ated hydrocarbons, has stimulated 
the large-scale production of fluorine. 
The electrolyte, which is fluid at lOo®, consists of a mixture of potas- 
sium hydrogen fluoride, KHFo, with hydrogen fluoride, containing 
40 ])er cent of the latter. The outer vessel of steel serves also 
as cathode, and ‘monel metal' is used for the diaphragm. The 
anode is formed of graphite. Stoppers and other fittings may be 
made of ‘ Teflon,' a solid polymer of perfluoroethylene, (C2F4)n- 
Arrangement is made for the addition of hydrogen fluoride 
as electrolysis proceeds. Hydrogen fluoride contaminating the 
crude gas is removed by passage through towers containing 
sodium fluoride, which is converted into NaHFa- Fluorine is 
now safely compressed and transported in ‘ tanks ' of nickel or 
‘ monel metal.' 

Properties. — Fluorine, F.^, is a greenish-yellow gas, lighter in 
colour than chlorine; it boils at —188° and freezes at —223'^. It 
has an excessively pungent but otherwise not disagreeable smell, 
and instantly attacks animal tissue, producing severe wounds. 
It reacts with nearly all elements, often with incandescence, in 
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the cold, blit not with oxygen, nitrogen, chlorine, or carbon (unless 
■iiiely divided), though all forms of carbon unite with fluorine at 
.1 sufficiently high temperature. It vigorously attacks water, 
lorming hydrogen fluoride and oxygen with a considerable pro- 
portion of ozone, and also attacks moist glass, but if the glass is 
].(Tfectly dry to reaction takes place. Fluorine will displace 
Mxygen, all the halogens, nitrogen, sulphur, or phosphorus from 
tlieir binary compounds, such as the oxides or chlorides. 

Hydrogen fluoride, Fluorine combines with hydrogen 

with great violence, even at temperatures at which both the 
elements are li(]uid, and hydrogen fluoride is also produced when 
iluorine acts on organic substances. It is most coiiveniently 
])reparcd by the distillation of a fluoride, usually calcium fluoride, 
with concentrated sulphuric acid in a lead or piatinum apparatus, 
for the acid attacks glass. On the large scale the acid is distilled 
from cast-iron retorts, collected in w^ater-cooled lead condensers, 
and preserved in bottles made of ceresme wax. Py this method it 
1'- obtained as an aqueous solution containing fluosilicic aiid 
(HaSilv,) as an impurity derived from silica in the calcium fluoride; 
this may be precipitatt'd as the insoluble potassium salt by the 
.iddition of a little caustic potash, and the acid purified by another 
<h still at ion. 

d'he anhydrous compound is most easily ])repared by heating 
])otassium hydrogen fluoride, Kll]^» platinum ajipiaratus and 
collecting the product in a freezing-mixture. Water is first re- 
moved from the salt by heating it for several hours to 150'’. 
Hydrogen fluoride is a colourless mobile liquid, boiling at 19° and 
freezing at —84^. It is an excessively dangerous substance. The 
concentrated or anhydrous acid produces dangerous wounds on 
the skin, and the inhalation of quite small (juantities of the vapour 
in the course of laboratory experiments has led to permanent loss 
of voice and even to death. 

There is every indication that hydrogen fluoride is associated. 
Not only is the boiling-point much higher than would be inferred 
from the boiling-points of the other hydrogen halides, but the 
\'apour density near the boiling-point leads to a molecular weight 
of nearly lour times the normal, decreasing to little above normal 
at, say, Go"’. These values were determined by weighing a large 
platinum vessel filled with the gas at various temperatures and 
pressures. The ionization of the solutions is of great interest, 
and is distinguished from that of the other hydrogen halides by 
the existence of complexes, as revealed by conductivity measure- 
ments, conductivity titrations, studies of chemical equilibrium, and 
other methods. Conductivity measurements in ffilute solution 
show that the monomeric acid HF is comparatively weak, with a 

2A 
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dissociation-constant of about 7x10“'^ (25''). More concentrated 
solutions, however, contain considerable quantities of HF./ 

[HFl rF'l 

ions, the equilibrium-constant ruT- action 

[H r 2 J 

HF+F'^HF/ 

being 0*19. Aqueous solutions of the acid therefore contain 
chietiy undissociated molecules of HF", with some HF2' and some 
F"' ions, as w’cll as some FF (st?e also p-Jl)/). 

Though such salts as KHFj are known, hydrofluoric acid cannc t 
])roperly be termed dibasic, as the normal fluoride is not KgF.^. 
but KF. 

Hydrogen fluoride mixes with water in all proportions; distillation 
yields a constant-boiling mixture containing 3b per cent of tlu' 
acid. It is a very active substance whicli attacks glass, forming 
silicon tetralluoride : 

SiOg+^lHF-SiF, t H 2 H., 0 , 

and is used for marking the graduations on glass apparatus or the 
letters on glass surfaces. The glass is covered with wax, wiiicli 
is scraped away where a mark is to be matle, and is then exposed to 
the vapour for an opaque mark, or to the solution fur a traiisy>arent 
one. The acid dissolves nearly all metals, gold and platinum being 
the principal exceptions. The remarkable solvent powers of tins 
acid on metals are due less to its acid strength, which is indeed 
rather feeble, than to its great tendency to form complex fluoridt's 
with the metal in the anion. Its solvent action on silicates, ofti'ii 
used in the treatment of silicate rocks for analysis, is due to the 
stability of the fluosilicatc ion, SiFg". 

Fluorides. — The fluorides may be jircpared by the action of 
the acid on the metal, oxide, hydroxide, or carbonate, but some ol 
the higher fluorides — e.g. sulphur hexafluoride — require elementary 
fluorine for their preparation, and a low temperature is sometimes 
necessary. Often the fluoride can be obtained from the chloride, 
either by distillation from a mixture with hydrogen fluoride, 01 
with the help of silver fluoride, whicli readily forms silver chloride. 

From a majority of elements fluorine evokes, m uncharged mole- 
cules or in anions, the highest known covalency. Fluorine is the 
most electronegative element, and quite often the fluoride of an 
element is an electrovalent compound while the other halides arc 
largely covalent, e.g. aluminium, mercury (-ic). Consequently 
cations easily discharged from solution — e.g. those of silver or 
mercury (-ous) — often form soluble salts with fluorine as anion, 
when the other halides arc insoluble. The most important covalent 
fluorides are those of boron, carbon, silicon, the halogens, and the 
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liighcst fluorides of the elements of Groups V and VI (except 
chromium). The fluorides of the other elements are for the most 
part salt-like in character, if they dissolve in water the solutions 
have an alkaline reaction from hydrolysis. Many of them are 
unchanged by heating in air or oxygen when the other halides 
are converted to oxides or oxyhalides. Most of the covalent 
fluorides are decomposed by water, but this does not happen if 
the covalency maximum has been reached; thus water decomposes 
silicon tetrafluoride but not carbon tetralluoride ; tellurium hexa- 
fluoride but not sulphur hexaduoride. 

The case with wliich elements display a high covaleiicy in com- 
bination with fluorine leads to a large number of complex fluorides — 
e.g. 1>1V> AlFg'", SiFg", ZrF,'". Because the (dement other than 
fluorine attains maximum covalency, and fluorine is univalent, all 
fluo-acids, corresponding with such anions, arc strong electrolytes, 
contrasting with the weakness of most oxy-acids. 

Oxygen difluoride, Fluorine oxide, FgO. — It was for many years 
supposed that no compound existed between oxygen and fluorine, 
but in 1927 fluorine oxich' was prejiared by the electrolysis of 
fluorides in ])r(^sence of a little moisture. It is now always prepared 
by passing a line stream of fluorine through dilute caustic soda: 

2F2-I H,0-2lIF+F,0 t. 

It is a colourh'ss gas which at —146° can be condimsed to a yellow 
lupiid freezing at —224^ It is a powerful oxidizing agent and 
will liberate the halogens from halide solutions, e.g. : 

F,04-4r-Ml20-2l,-i-2F'+20ir. 

The gas is slowly decomposed by excess of alkali : 

Fo0-|-20H'-2F'4-0, \ -1 IRQ. 

Another oxide of fluorine, FoOa, has been described. 

Fluorides of the Halogens. — Chlorine and bromine form tri- 
fluorides, and iodine a pentafluoride and heptafluoride. Chlorine 
monofluoride, GIF, has also been described. It is a gas, boiling-point 
— 101'’, melting-point —154°. 

Chlorine trifluoride, CUR, obtained by the action of excess of 
fluorine on chlorine, is a pale green liquid which boils at 11°, forming 
a colourless gas, and freezes at —83°. 

Bromine i^uoride, BrFg, is prepared by the action of fluorine 
on bromine or potassium bromide : 

KBr-|-2F.,=FK-t-BrF3. 

It is a yellow liquid, freezing at 9*^ and boiling at 127°. The vapour 
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has an irritating smell, and the liquid fumes in air and attacks glasi 
It is almost as reactive as fluorine itself: it reacts violently with 
water and converts iodine with incandescence into iodine penta- 
fluoride, IF5. 

Iodine pentafluoride, IF5. — ^This compound is produced wlieu 
fluorine acts on iodine or an iodide, but was first prepared by (h)Rj, 
in 1875 by tlie action of iodine on silver fluoride in a platinum vessel. 

SAgF d- 3 l 2 =IFs+ 5 AgI. 

It is a heavy colourless fuming liquid, which freezes at— q- 6® and 
bfiils at 97"". If strongly heated the vaj)oiir decomposes into i\s 
elements. Iodine pentafluoride is violently decomposed by water; 

2IF5+6H0O -2HIO3 1 ioHF. 

and is a highly reactive compound which slowly attacks even drv 
glass; with the elements it usually forms a fluoride and eitl)er 
iodine or an iodkh*. 

Iodine heptafluoride, IF7, is a colourless gas obtained by heating 
iodine pentafluoride witli fluorine. On cooling colourless crystals 
are formed, which sublime at about 0°. 


Chlorine 

Cl — 35*457. Atomic Ntimher, 17 

History- — Chlorine was first isolated in 1774 by Scherle, who 
prepared it by the action of muriatic acid (HCl) upon pyrolusite 
(MnOg). He regarded the action as a removal of phlogiston from 
the acid, and tlierefore named the new greenish, gaseous product 
dephlogisticatcd muriatic acid air. When the phlogiston theory was 
replaced by the oxygen theory of Lavoisier, chlorine was con* 
sidered to be a compound of oxygen and muriatic acid; hence it 
was caljed oxymuriatic acid. In 1810, Davy found it impossible 
to extract oxygen from oxymuriatic acid by any of the numerous 
means that suggested themselves to him, and for this reason 
concluded that it was an element. After consultation with other 
chemists, he proposed to call it chlorine, from the Greek x^co/oo^, 
chloros, greenish-yellow. 

Occurrence and Manufacture. — Chlorine is an abundant element 
— the most abundant of the halogens. Most of the chlorine of 
commerce is made from sodium chloride. Many attempts have 
been made to manufacture chlorine from the calcium chloride 
which is produced in such large quantities as the residue of 
manufacturing processes (p. 442), but these have not, for the 
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most part, been commercially successful. On the commercial 
.scale chlorine is made either by the electrolysis of brine, or by the 
oxidation of hydrop^en chloride, itself manufactured from salt, 
riie former method has already been described under the heading 
of caustic soda (p. 437). 

During the war of 1939-45, when heavy demands were made on the 
production of chlorine as well as on that of electric power, non- 
(4cctrolytic methods for thc^ manufacture of chlorine, such as the 
Deacon process, were revived 

The Deacon process is carried out in the gas phase on the surface 
of a catalyst, the oxidizing agent being air: 

4HC1~| Ooc 2H.,0-f 2 CI 2 . 

I'he oxidation takes place with the evolution of heat, and is there- 
fore more nearly complete at low temperatures than at high ont‘S, 
provided that equilibrium is reached. But at low temj)eratures 
the action is very slow, even on the surface of the best available 
catalysts, and consequently an interni(‘diate temjieratiire is used 
corresponding with only ])artial conversion. By using oxygen 
instead of air, or by increasing the pressure, better yields could be 
obtained, but these expedients have not up to the jiresent been 
found remunerative. The catalyst is cupric chloride, and the 
temperature used is about 440°, at which the percentage of hydrogen 
chloride actually oxidized is about 65 per cent. As in all similar 
operations, the reaction mixture must be carefully purified, or the 
catalyst will be poisoned; this is accomplished by washing the gas 
with sulphuric acid and passing it through dust-collecting plant. 
After pre-heating to about 220", the gas enters the contact chambers, 
wliich are filled with earthenware balls soaked in a concentrated 
solution of cupric chloride and dried. On leaving the contact 
chambers the mixed gases meet sprays of water, which wash out 
any unchanged hydrogen chloride, and then contain not more than 
12 per cent of chlorine by volume. This dilute chlorine is, however, 
sufficiently concentrated for the manufacture of bleaching powder 
(for which it is usually required) in suitable plant. The successive 
reactions on the catalyst are considered to be as follows: 

(1) 2CUCI2— 2CUCI-I-CI2, (2) 4CnCl-f 02=2 Cu20C1o, 

(3) CU2OCI2+2HCI 2CuCl-j-Ii20H- Cl2- 

Chlorine is usually transported in the licpiid state, and liquid 
chlorine is now a common article of commerce. The gas for this 
purpose must be concentrated (Deacon chlorine is unsuitable); 
it is dried with concentrated sulphuric acid and liquefied by com- 
pression to six atmospheres. The liquid can safely be carried in 
steel cylinders or tank-cars if it is dry. 
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The principal use of chlorine is in the manufacture of bleaching 
powder (p. 496) and hydrochloric acid; it is also used in the manu- 
facture of synthetic dyes and in sterilizing water supplies. In the 
war of 1914-18 it was the first poison gas to be used. In the labora 
tory it is used as an oxidizing or chlorinating agent, and may bt- 
prepared for this purpose by the oxidation of concentrated hydro- 
chloric acid. This substance may be heated with manganese 

dioxide: ^HCl+MnOa^Mn' +aCl'-l-Clij t +2IIA 

or simply dropped on to solid potassium permanganate: 

i6HCH-2Mn04'=2Mn”4 bCr+SCla f -f-SHoO. 

Chlorine from these sources may contain traces of oxygen, and 
gas of the highest purity is required— as for instance for atomic 
weight work — it should be prepared by healing the chlorides of 
gold or platinum in a vacuum, or by the electrolysis of pure 
fused silver chloride. The gas may be dried with concentrated 
sulphuric acid. 

Properties of Chlorine. — Chlorine is a greenish -yellow gas with a 
suffocating smell, and is more than twice as dense as air. The inhala- 
tion of chlorine diluted with air has been recommended as a cure for 
cat arrh. Chlorine can be liquefied without difficulty at room tempera- 
ture by compressing it to some six atmospheres. It is not very 
soluble in wattir: at 15° and atmospheric pressure a saturated 
aqueous solution contains about 8 gm. of chlorine per litre. Hy 
cooling such solutions to a low temperature cr^^stals of chlorine 
hydrate are obtained, the formula of which has been variously given 
as Cla^ILO, CL.8H.2O, and CI.2.10H2O. These crystals decompose 
when allowed to regain room temperature. 

Chlonne is a highly reactive substance which combines with 
mo.st metals to form chlorides, often with incandescence (e.g. 
antimony or aluminium). Among other metals, yilatinum, gold, 
and mercury are all attacked. It combines with hydrogen in 
the light (j). 273), but mixtures of the two gases can be kept 
indefinitely in the dark. A jet of chlorine will burn in hydrogen 
and vice versa. The affinity of chlorine for oxygen, on the other 
hand, is slight, and direct combination cannot be effected. 

Chlorine Water . — Solutions of chlorine in water have the pro- 
perties of hydrochloric and hypochlorous acids, produced as follows: 

Clg-fHaO^HCl-f-HClO. 

The equilibrium was investigated by Jakowkin by two methods: 

(i) The concentration of the acids can be determined by con- 
ductivity methods, since it is reasonable to suppose that 
molecules of chlorine do not conduct the current. 



GROUP VII 


733 

(li) The partition of chlorine can be measured between water 
and carbon tetrachloride, a liquid w^hich extracts only 
negligible concentrations of hydrochloric or hypochlorous 
acids from aqueous solution. The hydrolysis causes variation 
in the partition-ratio, and the degree of hydrolysis can be 
calculated from the observed ratio. A solution containing 
about 4 gm. per litre at o° is about 30 per cent hydrolysed : 
the degree of hydrolysis increases with the temperature. 
The hydrolysis is entirclv reversible, and if the solution is 
made strongly acid, chlorine is evolved. 

The least volatile constituent of chlorine water is the hydrochloric 
acid, and this substance alone remains behind as a dilute solution when 
chlorine water is boiled for some lime. If exposed to light, chlorine 
water is also unstable at lower temperatures, and evolves oxygen: 

2012 +211,0-02 t+qllCl, 

bill if the solution is concentrated, some chloric acid may also be pro- 
duced by decomposition of the unstable substance hypochlorous acid ; 

8HC10~2lTC103-| bllCH-O, f • 

The bleaching powers of moist chlorine are due to the hypochlorous 
acid which it produces in contact with water. Many coloured 
substances, such as indigo, can be converted by moist chlorine to 
colourless oxidation-products. The oxidizing power of chlorine is 
a necessary consequence of its affinity for hydrogen; thus it will 
oxidize gaseous ammonia to nitrogen; 

8 NH 3 -i- 3 Cl 2 -N.,+ 6 NIT 4 CI. 

The reaction is accompanied by a vivid red flash, easily visible if 
it is carried out in the dark. If, however, the reaction is carried 
out in warm aqueous solution and the chlorine is in excess, the 
product is chiefly nitrogen trichloride (p. 423): 

NBy\ 3a,-NCl3+3HCl. 

Chlorine will also combine with scveial oxides to form oxychlorides 
— e.g. with nitric oxide or sulphur dioxide. The oxidizing powers 
of chlorine are frequently used in the laboratory, as for the con- 
version of ferrous to ferric salts or thallous to thallic, and the 
solvent action of aqua regia on gold is partly due to the chlorine 
which it contains. Chlorine will react with many organic sub- 
stances, particularly those rich in hydrogen, liberating hydrogen 
chloride; warm turpentine, for instance, will catch fire if placed in 
the gas, burning with a red flame and emitting clouds of carbon. 

Hydrogen chloride, HCl. — This substance is manufactured on 
a very large scale in the salt-cake processes already described 
(p. 451). Nowadays, however, it is also often produced by the 
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combustion of chlorine in an atmosphere of hydrogen. Both these 
gases are by-products of the electrolysis of brine for the manu- 
facture of caustic soda (p. 437). and the choice of method is chiefly 
controlled by the cost of electric power in the neighbourhood. 
The net result of the electrolysis of brine is then: 

NaCl+Hp-NaOH+HCl, 

the exact reverse of the neutralization of an acid by a base. The 
gas is always absorbed in water, in whicli 
it is extremel5^ soluble, and is sold in laiy^e 
glass carboys; the concentrated acid ot 
commerce contains about i part of hydro- 
gen chloride in 2 parts of water by weight. 
The principal industrial use of hydro- 
chloric acid is for the preparation of 
chlorine; in the laboratory it is used for 
this and many other purposes. 

Crude commercial acid contains ferric 
chloride, from iron containers, which gives 
it a yellow colour, and may also contain 
sulphur dioxide, sulphuric acid, and arsenic 
chloride. Electrolytic acid is, however, 
verj^ pure. It may be boiled with a little 
permanganate, to expel any bromine or 
iodine, and once distilled, only the middle 
portion being retained ; it is then sufficiently 
pure for all purposes. In the laboratory 
pure hydrogen chloride can be prepared 
by dropping concentrated sulj)huric acid 
on to pure concentrated hydrochloric acid: 
l ie; 143 The Fountain developed fiom the sulphuric acid 

Experiment water is sufficient to expel a steady 

stream of the gas, which should be dried 
with concentrated sulphuric acid. I'he direct combination of 
hydrogen and chlorine has already been discussed (p. 273). 

Hydrogen chloride is a colourless gas with a very pungent taste 
and smell; it is rather denser than air. It is exceedingly soluble in 
water, as is sometimes demonstrated with the help of the well- 
known ‘ fountain ’ experiment. The flask, fitted as in the diagram, 
is filled with the gas and inverted over water in which the straight 
tube is immersed. When the tap is opened, the gas in the flask 
dissolves and water rushes up the tube until nearly the whole of the 
flask is full. Suction on the side-tube may be necessary to start the 
flow, but once water has entered the flask nearly all the gas dissolves 
in it, and the resulting reduction of pressure causes the flask to fill. 
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At 25°, 100 gm. of a solution saturated with hydrogen chloride 
at atmospheric pressure contain about 41 gm. of hydrogen chloride. 
The addition of either water to hydrogen chloride or vice versa 
lowers the vapour pressure, and the solution with the lowest 
vapour pressure — and therefore the highest boiling-point — contains 
20 ‘24 per cent hydrogen chloride. When solutions of hydrogen 
chloride are distilled, this constant-boiling solution therefore remains 
in the retort, a fact made use of in the preparation of solutions of 
standard acidity (p. 170). This solution 
boils at no''. ^ 

If concentrated hydrochloric acid is f ^ 

routined, as in the diagram, in an atmo- 
sphere saturated with water-\'apour, the 
hydrogen chloride leaving the acid forms, 
with the water-vapour in the air, a dilute 
acifl with a vapour pressure lovYcr than Water 

that of either tlie concenlrat<*d acid fir -.ry 

water. This acid therefore condenses in i.jg 1.^4 Ihe Ioumini. 01. 
fumes, and this happens whenever the H ydkochlokic Acid 
concentrated acid is exposed to moist air. 

Three hydrates of hydrogen chloride are known. Thev have the 
formulae HCLH2O, HCI.2H2O, and HCI.3II2O, and can be obtained 
as colourless crystals by cooling solutions ol suitable concentration. 
Solutions of hydrogen chloride do not even approximately obey 
Henry's law. The partial pressure of the gas over its dilute 
solutions is exceedingly small, an<l at a concentration of five times 
molar is only a quarter of a millimetre of mercury (25"), so that 
dilute solutions of hydrogen chloride can be boiled without appre- 
ciable loss of acid. In very concentrated solutions the partial 
pressure increases very rapidly with the concentration. The 
existence of any partial pressure of hydrogen chloride molecules 
over its dilute aqueous solutions show.s that the dissociation of the 
acid cannot be absolutely complete, since some uiidissociatcd mole- 
cules must be present in the liquid phase to maintain the distribu- 
tion-ratio, but the minuteness of the pressure shows this proportion 
to be exceedingly small. Similar conclusions are reached as the 
result of distribution measurements on hydrogen chloride between 
water and solvents, such as benzene or nitrobenzene, in which it is 
freely soluble but from which it is almost wholly extracted by 
water (p. 184). In these solvents, as in air, hydrogen chloride is 
undissociated; in a well-knowm lecture experiment it is shown that 
a solution of dry hydrogen chloride in dry toluene will neither 
decompose marble nor produce a precipitate with a toluene solution 
of silver nitrate. The presence of a hydroxyl group in the solvent 
appears to be necessary for the ionization of this compound. Its 
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solutions in the lower alcohols at least are fully ionized, as is shown 
by conductivity measurements. 

An examination of the properties of pure hydrogen chloride 
leaves no doubt that it is a covalent compound. The pure liquid is 
very volatile (boiling-point —83°), and conducts electricity no 
better than pure water; it dissolves in indifferent solvents such as 
benzene, and these solutions are not ionized. When dissolveii in 
water hydrogen chloride shows a remarkable change in proper! es 
and becomes an acid. 'Fhe anhydrous sulistance has none of the 
properties of an acid and this term should be rigorously reserved 
for its solutions in water. There can be little doubt that the tru ' 
reason of the change is the solvation of the ions, and probably tin 
co-ordination of the hydrogen ion with water or hydroxyl-containine 
molecules: 

HCl + (m 1-77)1 l20;:^H'.:;/H.p-fCr.mH.p. 

This chemical effect is considered to be more important than the 
purely electrical effect, partly on account of the experiments on 
alcoholic solutions already described (p. 158), and partly because 
nitrobenzene does not ionize hydrogen chloride, although possessed 
of a higher dielectric constant than ethyl alcohol, which does. 

Hydrogen chloride can be oxidized to chlorine by oxygen at n 
moderate temperature and in the presence of a catalyst. At room 
temperature the action: 

4HCl+0^-->2Cl,d-2H.,0, 

has a positive aflinity, but takes place extremely slowly. If, 
however, a mixture of moist hydrogen chloride and oxygen is 
exposed to light it is possible to detect a trace of chlorine in the 
mixture. Even when a catalyst is used it is, however, necessary 
to use a much higher temperature to secure a reasonable reaction 
velocity. Hydrogen chloride reacts with many of the metals, 
either in the cold or on heating, producing hydrogen and the 
chloride of the metal. If the metal has more than one chloride, 
the lowest is naturally produced: 

Fe+2HCMFcCl2-fH2. 

Chlorides. — Chlorides may be prepared in solution: 

(i) By the action of hydrochloric acid on a metal, or on the 
oxide, hydroxide, or carbonate. 

(ii) By direct combination: this usually produces the highest 
chloride if the chlorine is in excess. 

(iii) By the action of hydrogen chloride on the element: this 
usually produces a lower chloride, if there is one. 

(iv) By acting on the oxide or sulphide with chlorine, sulphur 
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chloride, or carbon tetrachloride. It is sometimes necessary 
to mix the oxide with carbon, and it must nearl}^ always be 
heated. This method can be used only for chlorides volatile 
at the temperature of the experiment. 

(v) Chlorides can also be made by acting on bromides or iodides, 
either in the dry state or in solution, with chlorine. 


Chlorides may be either covalent or electrovalent, the first class 
corn^sponding with tlie non-metals and the second wath the metals, 
bill there are many compounds of intermediate type and the 
( lassi heat ion is not rigid. 'Fhe electrovalent chlorides are usually 
colourless solids soluble in water, but silver, lead, mercurous, 
cujirous, aiirous, and thallous chlorides are insoluble or slightly 
soluble: many of these are the chlorides of metals easily precipitated 
as metal from solutions of their salts. 

'J'he co\’alent chlorides are nearly all decomposed by water, 
though carbon tetrachloride' is an exception (p. 578). It has been 
])( anted out by Sidgwick that hydrolysis of diloridcs can take 
place in two ways, according to whether the water acts as donor 
or acceptor. In the hrd the products are hydrochloric acid and 
a hydroxide: this is shown by the chloride ol such an acceptor 
element as boron: 


BCI3+ HP 


:ci 

Cl-B^ 

I 

CL 


-/HJ 


\ 


H 


3HCI + B(0H)3 


With the chloride of a donor element such as nitrogen, however, 
h3’pochlorous acid may be formed: 

:cf 

NCI3+HP — 3HCLO + NH3 Etc. 

Cl 


Oxides of Chloeink.— T he oxides of chlorine include the 
monoxide CI2O, the dioxide CIO., and the heptoxide Ckp^. 

Chlorine monoxide, C'UO. — This compound is produced by the 
gentle oxidation of clilorine with mercuric oxide, dlie reaction is 
carried out at room tern])erature, and the mercuric oxide must he 
prepared by precipitation and ignition. The chlorine monoxide is 
removed from the gas stream which leaves the reaction vessel by 
passage through a freezing-mixture at —20°. The other product 
is a yellowish-brown oxychloride of mercury; 

2HgO d- 2Cl2--HgpCl2-f Cip. 
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Chlorine monoxide is a heavy gas with a colour and smell some- 
what resembling those of chlorine. It can be condensed to a browi. 
licluid boiling at 2®. It is very soluble in water, with which it form- 
hypochlorous acid, and is, in fact, hypochlorous anhydride: 

CI2O+H2O-2HCIO. 

It is an unstable substance which may decompose spontaneously, 
and oxidizes many substances, such as paper or phosphorus, witli 
inflammation and sometimes with explosion. Chlorine monoxide 
differs from chlorine in its much greater solubility in water and mi 
not reacting with mercury, over which it can be collected. 

Chlorine dioxide, ClOo. — This dangerous compound is evolves 1 
when a cold mixture of potassium chlorate and concentrated 
sulphuric acid is gently warme^d to 30''-4o‘^ : 

3HC]03^ .HCIO4+H2O+2CIO0 1 . 

The sulphuric acid may with advantage be replaced by crystallized 
oxalic acid and a little water; this method is safer. The product 
contains some carbon dioxide, but this can be removed by condensing 
the chlorine dioxide in a freezing-mixture. 

Chlorine dioxide is a heavy orange gas, with a peculiar smell, 
which can be condensed to a liquid at ii°. It is freely soluble in 
water. The gas is highly explosive, particularly in the presence 
of oxidizable substances, so cork, rubber, or paper even in the 
smallest quantities must be avoided in its preparation. The gas or 
its solutions are stable in the dark, but if exposed to sunlight the gas 
may detonate for no apparent reason, and the solution decomposes 
with the formation of chlorine, oxygen, chloric and perchloric acids. 
Chlorine dioxide is a powerful oxidizing and bleaching agent, and, 
diluted with air to ‘ safe ' proportions, is used in treating flour, in 
place of the harmful ‘ agene,’ NCI3, formerly so employed. 

Chlorine heptoxide, CI2O7. — This substance is perchloric anhydride. 
It was first made (1900) by distillation of a mixture of anhydrous 
perchloric acid and phosphorus pentoxide which had stood for a 
day in a freezing-mixture: 

2HC104-H20=Cl207. 

It is a colourless volatile liquid, boiling at 82°, which slowly decom- 
poses. Its preparation is sometimes attended by \dolent detona- 
tions. When mixed with water it forms perchloric acid, but the 
reaction is quiet. 

OxYACiDS OF Chlorine and their Salts. — ^The oxyacids of 
chlorine are hypochlorous acid, HCIO; chlorous acid, HClOg; chloric 
acid, HCIO3; and perchloric acid, HCIO4. 

Hypochlorous acid, HCIO, exists only in aqueous solution. Such 
solutions are prepared by leading chlorine monoxide into water, 
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or, more simply, by generating it from chlorine and mercuric oxide 
in a flask containing a little water. It can also be prepared by 
mixing a weak, non-volatile acid, such as boric acid, with excess 
of bleaching powder and distilling off the hypochlorous acid, mixed 
with water, under reduced pressure; or by passing chlorine into a 
cold carbonate solution and distilling as before: 

Cl 2 +H 20 -f-C 0 /'=HC 10 +HC 03 '+a'. 

The two last methods of preparation depend on the very feeble 
acidity of the substance, which allows it to be distilled from only 
faintly acid solutions at low temperatures. 

Solutions of hypochlorous acid are pale yellow and smell of 
chlorine monoxide, though the proportion of the gas present at 
equilibrium is very small. They decompose slowly in the dark 
and rapidly in the light, the principal products being hydrochloric 
acid and oxygen. With most oxidizing agents, mutual reduction 
takes place and oxygen is liberated: thus with hydrogen peroxide: 

H2O2-I HCIO-UCI+H2O+O2 t . 

Hypochlorous acid is a powerful oxidizing eigcnt which will liberate 
nitrogen from ammonium salts: 

2NH4‘+3HaO-3llCl+2H’43H20d-N2 1. 

When mixed with hydrochloric acid and warmed, it liberates twice 
as much chlorine as it itself contains: 

HC10+HCl=Cl2 1 -f H2O. 

Hypochlorites. — When chlorine is passed into cold caustic alkali, 
a mixture of chloride and hypochlorite is produced: 

Clo-l 20H'=--Cr+(T0'H-H20. 

If caustic soda is u.sed, most of the sodium chloride separates out, 
and in this way concentrated solutions of sodium hypochlorite in 
caustic soda can be obtained fiom which crystals of hydrated sodium 
hypochlorite, probably NaClO-yllgO, arc precipitated at low 
temperatures. Hyiiochlorite solutions arc fairly stable in the 
dark, particularly if alkaline, but if heated they decompose into 
chloride and chlorate (see further, p. 740): 

3C10'-CT03' 1 2Cr. 

The preparation and properties of bleaching powder have already 
been described (p. 496). Large quantities of hypochlorite solutions 
for bleaching purposes are now made by electrolysing brine, and 
this has injured the blcaching-powder industry. 

Chlorous acid, HCIO29 and the Chlorites. — Chlorous acid is the 
least stable of the oxyacids of chlorine, and can be prepared only 
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with difficulty even in dilute aqueous solution, though the chlorites 
are comparatively stable. Barium chlorite, Ba(C10 oan be made 
by passing chlorine dioxide into suspensions of barium dioxide: 

2C10,+Ba0j,=Ba(C102)2+02 f • 

By treating this substance with dilute sulphuric acid it is possible 
to obtain a solution of chlorous acid. It is a powerful oxidizing 
agent, like hypochlorous acid, but unlike that substance is a strong 
acid. Solutions of the chlorites are not hydrolysed, and possibly 
owe their stability as compared with the hypochlorites to this 
circumstance, as both of the acids are highly unstable. The 
chlorites can be obtained from solutions of chlorous acid or barium 
chlorite: they are usually colourless substances soluble in water. 
On heating they readily decompose into chlorate and chloride: 

aCioz-acio^Mcr. 

Chloric acid, HCIO3, and the Chlorates. — Chlorate solutions are 
prepared by the action of chlorine on hot alkaline soluti(»ns: 

3C1.2+60H'-Cl03'+5Cr+3H20. 

In spite of the chloride produced at the same time, the whole 
oxidizing power ol the chlorine is ]>reservcd in the chlorate I'his 
process is worked on a large scale, according to two methods; in 
one chlorine is led into hot milk of lime, and in the other hot chlondt' 
solutions are electrolysed without a diaphragm. 

The product of the first process is neutralized, mixed with 
excess of potassium chloride, and artificially cooled to a low tem- 
perature, when a mixture of potassium chloride and chlorate is 
precipitated. Nearly pure potrissium chlorate is obtained from it 
by recrystallization, since the solubility of this substance rises 
very steeply with the temperature. 

The preparation of chlorate by the electrolysis of brine requires 
careful regulation of tlie conditions. If a diaphragm is usc'd, the 
products are chlorine at the anode, and hydrogen and caustic soda 
at the cathode. If, however, the anode and cathode licjuids are 
mixed, the chlorine is not given off, but is absorbed by the hydroxide 
with the formation of hypochlorite. At about 60 ° and in conditions 
of carefully controlled slight acidity, when both the weak hypo- 
chlorous acid and its anion co-exist, chlorate is rapidly formed by 
the successive reactions: 

HCIO +C10' =C10o' +H- +C\\ 

Hcio +C10.; -C 1 O 3 ' +H' +cr. 

Loss of hypochlorite by reduction at the cathode is prevented by 
the presence of a small amount of chromate, from which by reduction 
a protective film is formed on the electrode. 
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Sodium or potassium chlorate is used in the manufacture of 
matches and explosives and as an oxidizing agent in the preparation 
of dyestuffs and other organic compounds. 

Solutions of chloric acid are obtained by precipitating well-cooled 
solutions of barium chlorate with sulphuric acid and filtering. "J'he 
acid cannot be prepared in the pure state, and decomposes, if the 
solutions are concentrated beyond a certain point, into chlorine, 
oxygen, ])erchloric acid, and other substances. Chlorates are 
usually obtained from potassium chlorate or by double decomposi- 
tion from barium chlorate or silver chlorate, all of these substances 
being soluble in water. Chloric acid solutions are yellowish in 
colour and smell something like nitric acid, 'fhey slowly decompose 
on keeping, though if all impurities arc absent the solutions arc 
stable. Chloric acid is a strong electrolyte, and chlorate solutions 
show no signs of hydrolysis. 

When chlorates are strongly heated the hnal residue is usually 
a chloride, e.g. : a 

^ 2k( lO-t-- 2kCl-|- 3O2 1 . 


a reaction used in the common laboratory prc]>aration of oxygen, 
but certain chlorates, such as those of magnesium and aluminium, 
lose chlorine and oxygen on h(‘ating and yield an oxide: 

2Mg{C103)2-- 2MgO-}- 2(12 t +5O2 1 • 


An intermediate stage in decompositions ol the first kind is the 
formation of perchlorates, which are stabler than chlorates. The 
chlorates and chloric acid are fairly powerful oxidizing agents which 
are decomposed when heated with concentrated hydrochloric acid 
furnishing some chlorine dioxide in addition to the chlorine shown 
in the equation: 

CKV-fsClH-bir-sCl., 1 1 3H2O. 

The oxidizing power of solid chlorates is still more apparent, and a 
mixture of potassium chlorate with sulphur, phosphorus, sugar or 
any other easily oxidizable substance is liable to explode. Dilute 
solutions of potassium chlorate are used as disinfectants, es]x^cially 
for gargling. The preparation and properties of this substance 
have already been described (p. 448). 

Perchloric acid, HCIO4, and the Perchlorates. — The first stage in 
the decomposition of sodium or potassium chlorate by heat is th(‘ 
formation of a perchlorate, which then decomposes into a chloride 
and oxygen: 

^NaC103=-3NaC104+NaCl and NaClO^^NaCl-f^O.^ f • 

Perchlorate solutions can be prepared by the oxidation of chlorate 
solutions, though very powerful oxidizing agents, such as persul- 
phates, are required for the purpose. The oxidation is therefore 
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most readily carried out electrolytically, and this is accomplished 
on the manufacturing scale. The starting-point is a concentrated 
solution of sodium chlorate, which is electrolysed at a temperature 
below 10° with iron cathodes and platinum anodes (high oxygen 
over-voltage). The energy efficiency is 85 per cent, and the process 
is carried nearly to completion, when the solution is mixed with 
potassium chloride, which precipitates the nearly insoluble potas- 
sium perchlorate (p. 449). It is used in explosives, as it is safer 
than potassium chlorate and contains more oxygen. 

Aqueous solutions of perchloric acid can be prepared from baiiuri 
perchlorate and sulphuric acid or from sodium perchlorate anc’ 
concentrated hydrochloric acid, in which sodium chloride is only 
slight I37 soluble. Almost the whole of the hydrochloric acid can 
be expelled by heating the filtrate nearly to boiling. The anhydrous 
acid is prepared by clistilling a mixture of potassium perchlorate 
and concentrated sulphuric acid under reduced pressure. The 
product contains some hydrogen chloride and chlorine dioxide, 
which can be expelled by blowing air through it. It is a colourless 
volatile liquid which fumes in moist air and decomposes on heating, 
though it can be distilled under reduced ])ressure at about 20’. 
The freezing-point is -112°. The liquid cannot exist at its boiling- 
point, but the constant-boiling mixture with water, which contains 
72 per cent perchloric acid and can be distilled unchanged, boils 
at 203°. Anhydrous perchloric acid is a dangerous substanci* 
which burns the skin, violently oxidizes most organic substances, 
and is liable to spontaneous explosion. 

Aqueous solutions ol the acid, on the contrary, are not only 
perfectly safe but can be kept indefinitely without change in 
composition. The strongest solution supplied to the laboratory 
contains 60 per cent of the acid. Several solid hydrates of perchloric 
acid can be obtained b}^ cooling solutions of suitable concentration. 
Perchloric acid is the most stable of all the oxyacids of chlorine, 
and is a powerful oxidizing agent only when in concentrated solution 
or anhydrous, whereas hypochlorous and chloric acids are too 
unstable to exist in the absence of water. Metals liberate hydrogen 
from dilute solutions of the acid, and these solutions have no 
bleaching power, nor will perchloric acid oxidize hydrochloric acid. 
It will however oxidize titanous solutions, and perchlorate solutions 
can be estimated volumetrically with the help of this reagent. A 
zinc-copper couple will reduce chlorate solutions to chlorides while 
leaving perchlorates unaffected : this is used in analysis. 

Perchloric acid is not only fully dissociated in aqueous solution, 
but appears to preserve its ionization in non-aqueous solvents 
better than any acid hitherto investigated, and may be called the 
strongest of known acids. In ether, hydrogen perchlorate is about 
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a hundred times as much dissociated as hydrogen chloride, and 
perchlorates are often more definitely electrovalent than the chlorides 
of the same metal. Thus aluminium perchlorate can be obtained 
by evaporation of its aqueous solutions, a process which hydrolyses 
aluminium chloride, and a further example is afforded by the 
( orresponding compounds of mercury (p. 513). The perchlorate ion 
IS very slightly solvated in h3^droxylic solvents, for its mobility in 
water is higher than that of the chloride or chlorate ions, while in 
meth \4 alcohol it moves faster than any ion yet examined with the 
single excej)tion of the hydrogen ion. 

The perchlorates are usually colourless compounds soluble in 
water, but the perchlorates ot potassium, caesium, and rubidium 
are nearly insoluble in cold water, though fully soluble in hot 
water. As sodium perchlorate is highly soluble at all temperatures, 
the recr^^st alii zat ion of potassium perchlorate provides an excellent 
method for preparing potassium compounds tree from sodium. 
This salt is also widely used in the gravimetric estimation of 
potassium salts. At 10'’ a litre of a saturated solution of 
potassium perchlorate contains about ii gm., but this (juantit}^ 
can be much reduced by the addition of alcohol to the solution. 
Like all perchlorates, the ])otassium salt on strong heating 
decomiioses into a chloride and o.x\’gen. 


J3KOMINE 

Br=79-9X(). A/otnic Number, 35 

History. — Upon passing chlorine through ‘ bittern ' (i.e. the 
mother-liquor left after the recrystallization of salt from sea-water), 
Balard (1826) noticed the formation ot a brownish-yellow colora- 
tion. By evaporating i he bittern to dryness, and heat ing the residue 
with manganese dioxide and concentrated sulphuric acid, he w^as 
able to collect a dark reddish-brown liquid with a powerful and 
pungent smell. This liquid was recognized to be an analogue ot 
fluorine, chlorine, and iodine, and was called bromine (Greek 
PpwfjLos, bromos, a stench). 

an unlucky chance, Liebig had failed to pa}^ much attention 
to a specimen of a dark red liquid sent to him from a salt factory 
in Germany in 1820. I^elieving it to be merely iodine chloride, 
he missed his opportunity of discovering an important new element . 
for the liquid was bromine. 

Occurrence and Manufacture. — Though very much less common 
than chlorine, bromine is a comparatively abundant element which 
occurs in combination with the alkali- and alkaline-earth metals 
in sea-water, in mineral deposits and in certain spring waters. 
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Most of the bromine of commerce is prepared from the liquors 
remaining after the crystallization of potassium chloride from 
carnallitc, though some is prepared in America from Ohio springs. 
An electrolytic methc)d is now in use. The electrolysis is carried 
out in diaphragm cells and the bromine collects in the liquid ot 
the anode compartment. The difference between the standard 
electrode potentials of chlorine and bromine is 0*29 volt, whicli 
allows nearly all the bromine to be liberated first from a chloride- 
bromide solution. The bromine is recovered by boiling the solution 
and IS collected in water-cooled condensers. 

In the older process the bromine was expelled by passing chlorine 
from a cylinder through the bromide solution while it trickled 
through a tower filled with glass balls or provided with plates and 
bubblers. Any chlorine or bromine remaining in the liquid aftei 
this treatment was expelled with steam and recovered. The 
bromine was condensed by passing the vapours through a water- 
cooled coil, and chlorine, together with any uncondensed bromine, 
was then absorbed by moist iron filings. 

In America, bromine is extracted from sea-water, which contains 
about 0*007 element in the form of the bronnne ion, 

Br'. On passing chlorine into sea-water, the bromine is liberated: 

CI.^+2Br'-2CrH-Br2. 

Sea-wnter is, however, .slightly alkaline (pH --7 -2), hence much ot 
the bronnne is hydroly.sed to bromate (or hypobromite) and bromide*- 

aBr^-f 3H , 0 -M)H M 5Br '-[ ; 

and since chlorine will not displace bromine from a bi ornate or 
hyiJobromite, considerable loss of bromine results. 

By adding sufficient .sulphuric acid to the sea-water (about 1 lb. 
of acid to 4 tons of water), the pH can be lowered to 3*5, and at this 
value the hydrolysis of the bromine is negligible. 

The acidified sea-water, after treatment with chlorine, trickles 
down towers up which a current of air passes. This blows out the 
bromine as vapiour, and carries it on to further towers in winch it is 
removed by sodium carbonate solution: 

aBr-J-aCO/^-^SBr'-hBrOg'-faCO^. 

The solution of .sodium bromide and bromate is treated with sul- 
phuric acid to liberate the bromine, which vaporizes on heating 
and is condensed and collected. 

The bromine prepared by these methods contains chlorine, from 
which it is freed at the factory by the addition of ferrous bromide 
followed by distillation. If perfectly pure bromine is required, 
the commercial product should be washed with water, dissolved in 
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a concentrated solution of potassium bromide, precipitated by 
dilution with water, se])arated, dried with quicklime followed by 
phosphorus pentoxide, and distilled in a current of carbon 
dioxide. 

In the laboratory bromine may be prepared by heating bromides 
with manganese dioxide and sulphuric acid. The preparation of 
exactly measured quantities of bromine for analytical work is most 
accurately accomplished by the addition of acids to standard 
bromatc solutions in the presence of excess of bromide; 

BrOa'+SBrM ()H*— 3Hr2+3H^O. 

Bromine is used in the synthesis ol dyestuffs and other organic 
compounds and in the preparation of anti-knock petrol. In the 
laboratory it is used in analysis and as a mild oxidizing agent. 

Properties. — Bromine is a dense liquid (density 3-^), in colour 
dark red-brown, and with a very pungent suffocating odour: it is 
one of the few elements liqiial at room temjicrature. It boils at 
5c/, emitting a heavy red-brown vapour, and freezes at —7^. The 
vapour has the normal molecular weight, and even at 1000° the 
dissociation into bromine atoms amounts to only 4 per cent. 

Bromine is not very soluble in water: a litre of a solution saturated 
at room temperature contains about 37 gm. of the element. At 
low temperatures red crystals of bromine hydrate, Br'a.ioHgO or 
perhaps HHjjO, may be obtained. The solutions hav(‘ a slightly 
acid reaction from hydrolysis, but this is much less noticeable than 
with chlorine water. Bromine dissolves much more readily in 
such solvents as chloroform or carbon tetrachloride than in water, 
and can be extrac ted from its aqueous solutions by these solvents. 
The solutions arc very dark m colour. It is also readily soluble 
in bromide, and to a li\^^ degree in chloride, sedutions, forming 
complex ions ClBra' and Br,'. Bromine is much less active than 
chlorine, but combines directly with several elemc^nts such as 
potassium or aluminium, llydrc^geii and bromine can be mixed 
without reaction in the brightest sunlight (ji. 273), but react when 
heated. 

Hydrogen bromide, HBr. — Since this comjiound, like hydrogen 
iodide, is easily oxidized by hot concentrated sulplmric acid, it 
cannot convxiniently be prepared by the action of this substance 
on a bromide. It is pnqiared by the hydrolysis of phosphorus 
tribromide : 

PBr3+3H20-3HBr f -f HPOlOll)^. 

In practice, bromine is dropped on to a mixture of red phosphorus 
and water. The reaction takes place, with a slight luminescence, 
in the cold, and the gas evolved is passed over moist red phosphorus 



746 THEORETICAL AND INORGANIC CHEMISTRY 

to free it from bromine, and collected over mercury. It can also 
be prej^ared by the action of bromine on cold benzene containing 
a little aluminium powder as halogen carrier : 

Br,+C«H,=^IIBr f -[-CcH^-Br. 

A more convenient method of preparing hydrogen bromide is to 
heat potassium bromide with syrupy phosphoric acid: 

KBr + HaPO^-KIIgPO^ 1-HBr t . 

The gas obtained by tlicse methods may be dried with anhydrous 
calcium bromide. It is a heavy colourless gas, freezing at — -8z 
and boiling at —67°, and is exceedingly soluble in water. The 
solution, winch is called hydrobromic acid, resembles hydrochloric 
acid, and is fully dissociated (the discussion of the ionization of 
hydrochloric acid applies also to this substance). Several hydrates 
can be isolated by cooling the soliiiions. The constant-boiling 
mixture with water boils at 125°, and contains about 47 per cent 
hydrogen bromide. Hydrogen bromide is very slowly oxidized 
by moist oxygen at room temperature. 

Bromides. — These may be prepared by methods similar to thr 
first three methods proposed for the chlorides (p. 736), or by the 
action of bromine on an iodide. They resemble the chlorides in 
their properties, but arc usually, though not always, tOss volatile; 
very often the melting- and boiling-points lie between those of the 
corresponding chloride and iodide. 

Oxides. — Bromine was for many years considered to be one o[ 
the very few elements which form no oxide. It has, however, 
recently been proved that unstable oxides are produced by the 
action of ozone on bromine vapour below 0° C. See also j). 374. 

OxYACiDS AND THEIR Salts. — Hypohromous acid, HBrO, and 
bromic acid, HBrOa, are known, and perhaps bromotis acid, HBrOa, 
exists, but neither jierbromic acid nor a perbromate has been 
prepared. 

Hypobromous acid, HBrO. — Bromine readily dissolves in cold 
alkaline solutions, forming first a yellow solution of mixed bromide 
and hypobromite ; 

Brg +2OH' -Br' -f BrO' d-HgO. 

Solutions of the acid can be prepared by shaking bromine water 
with the oxides of silver or mercury, and purified by distillation; 
the bromine distils fir.st and may be rejected. Hypobromous acid 
has never been isolated, and its solutions, which are pale yellow, 
are unstable; they cannot be concentrated without decomposition. 
Solutions of hypobromites are powerful oxidizing agents used in 
organic chemistry to oxidize ammonium compounds, amines, urea, 
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etc., to nitrogen (and are nearly always prepared for this purpose 
from bromine and caustic soda): 

2NH/+3BrO'=N2 1 +3H20+3Br'+2H'. 

It is surprising to find that alkaline hypobromite solutions are 
rather stronger oxidizing agents than hypochlorites. This is 
perhaps because hypobromous acid, a weaker acid than hypo- 
chlorous acid, is formed in larger quantities by hydrolysis even of 
alkaline solutions of its salts. 

Bromic acid, HBrOg. — If large quantities of bromine are added 
to concentrated caustic potash solutions, even in the cold, there is 
a jirecipitate of potassium bromate, which is not very soluble in 
cold water, and can easily be purified by recrystallization: 

3 Br 2 + 60 fr=Br 0 ,'+ sBr'+sHsO. 

It can also be prepared by passiug chlorine into an alkaline solution 
of potassium bromide, bromine being substituted for chlorint; in 
the chlorate which would be produced in the absence of the bromide : 

Br'-fC103'->BrO,/4-Cl'. 

It is best prepared from bromides by electrolysis. Solutions 
of bromic acid are prepared from solutions of barium bromate and 
sulphuric acid: the barium bromate is precipitated by mixing 
boiling saturated solutions of potassium bromate and barium 
acetate. Like chloric acid, bromic acid has never been isolated 
in the pure state, and its solutions decompose on heating. They 
are stronger oxidizing agents than solutions of either chloric or 
iodic acid, and will convert many organic substances into carbon 
dioxide and water, and rapidly oxidize sulphur to sulphuric acid. 

When the bromates are heated they lose oxygen at fairly low 
temperatures and are converted to bumiides, though the bromates 
of elements such as aluminium, which have a great affinity for 
oxygen, may yield a little oxide on ignition. There is no sign of 
an intennediate formation of perbroinate. In solution bromates 
will oxidize any of the halogen acids, though the hydrochloric acid 
must be concentrated and none of the reactions is instantaneous, e.g. : 

zBrOg'+ioT-f i2H*=^Br2+5l2-f bHgO. 

The reaction between bromates and bromides: 

Br 03 '+ 5 Br'-b 6 H- 3 Br 2 -f 3 Ho 0 , 

which takes place in acid solution, is used in the preparation of 
standard bromine solutions, and it is important to remember 
that in dilute solution it proceeds rather slowly. 
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Iodine 

I = --I2f)-()T. Aknmc Number, 53 

History. — In 1812 a French saltpetre manufacturer, Courtois 
found that on adding concentrated sulphuric acid to the mothei 
liquor of the sodium carbonate extracted from the ashes of seaweed, 
a black powder w^as precipitated, which on heating was convened 
into a violet vapour. Courtois sent some ol his new substance to 
Gay-Lussac, who made a thorough investigation of it and showed 
that it was an element similar in manv respects 
to chlorine. He called it iodine, from the 
violet colour of its vapour (Greek tWtS?;?), and 
succeeded in preparing hydriodic acid, HI, 
trom it. Sir Humphry Davy, who was passing 
through Paris at the time, also made investi- 
gations on the new element, a specimen ol 
which was given to him by Ampere, and 
confirmed Gay-Lussac’s results. 

Occurrence and Extraction. — Iodine is a rare 
element, but small quantities of iodides occui 
in sea- water and in various mineral deposits. 
Small quantities arc found in sea pilants, and 
iodine was formerly recovered from them by 
burning large piles of seaweed and extracting 
the potassium iodide from the ash. 1‘he pro- 
cess is still worked on a small scale in Ja])an, 
but practically all the iodine of commerce is 
extracted trom Chile saltpetre or caliche 
(p, 450), which contains about 0-2 per cent ol 
iodine as sodium iodate, NalOg. Tins remains 
in the mother - liquors left over from the 
crystallization of the sodium nitrate, and 
these liquors may contain as much as 20 per 
cent of the iodate. fhey are mixed with a solution of sodium 
hydrogen sulphite, which precipitates iodine: 

2lO,'4-3H -f 5 HSCV-L, I -f 5HS04'4-H.>0. 

The iodine is washed, pressed, and purilied by sublimation. Com- 
mercial iodine may contain water, free or combined chlorine or 
bromine, and iodine cyanide. These impurities can be removed 
by grinding it finely with fre.sh lime (to remove water) and a little 
pota.ssium iodide (to retain other halogens), and resublimiiig it as 
shown in the diagram. The mixture is placed in the bottom of a 
beaker and heated by a small flame, while the upper part of the 
vessel is filled with a specially shaped condenser full of water 



Fig 1^5. I’UKincA- 
TioN OF Iodine 
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slightly above laboratory temperature. The iodine condenses in 
beautiful crystals which can readily be detached from the tube by 
filling it with cold water: they are finely ground and kept in an 
ungreased desiccator o\'er concentrated sulphuric acid. 

The world production of iodine, free and combined, is about two 
thousand tons per annum, of which some qq per cent is used in 
medicine. In recent years it has been discovered that a small 
quantity ot iodine in the body is essential to health, and that some 
'liseases are due to iodine deficiency — goitre, for instance, can be 
certainly prevented by doses of iodides. The thyroid gland produces 
an iodine compound (thyroxin) which it circulates through the body, 
and iodine preparations are given with excellent effect 1o backward 
rhildrcn; wliile fowls dosed with iodine lay more eggs and cattle 
))roduce more milk. If given to mares, iodine is said to increase the 
proportion of twins in their offspring. A tincture of iodine is also 
used as an antiseptic. 

In the laboratory iodine is very widely used in analysis. The* 
reversible change I2+2 eleclrons;F^2P is easily carried out without 
disturbing side-reactions (the standard electrode potential is only 
|-o*54 volt), and more than one reaction is available tor the esti- 
mation of iodine solutions, of which the thiosulphate titration is 
the most imjiortant. More(»ver, the smallest quantity of iodine 
can be detected with the help of the dark blue compound which 
the free element ]rroduces with starch, and this has helped in 
‘ iodimetry ' and ' lodcunetiv,' as iodmt* titrations are called. 

Properties. — Iodine is a bluLsh-black crystalline solid ot density 
q-q, melting at 114® and boiling at 183°. The vapour has an 
intense pur])le colour by which it can ea.sily be identified. At low 
temperatures the vapour density corresponds with the formula 
I.,, but at high temjieratures dissociation begins, and reaches 50 
per cent at about 850°. Iodine lias a very sharp taste and a faint 
smell recalling that of chlorine: it is only very slightly soluble in 
water, to which, however, it gives a very distinct brown colour. 
A saturated .solution at 25° contains only some 0-34 gm. per litre. 
Iodine is, however, much more soluble in solutions of chlorides, 
bromides, or iodides (the solubility increases in that order), forming 
complex ions such as 1.,' or Cllg': the investigation of these solutions 
(first carried out by Jakowkin) has already been fully described 
(p. 200). The chemical properties of the tri-iodide ion are those 
of a mixture of iodide ions and iodine. 

Iodine dissolves in certain organic solvents, such as carbon 
disulphide, carbon tetrachloride, benzene, or alcohol, much more 
freely than it does in water, and it can be almost completely extracted 
from its aqueous solutions by shaking with such of these solvents 
as are immiscible with water. The solutions are very deeply 
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coloured ; thus a solution in carbon tetrachloride saturated at room 
temperature, and containing only about 20 gm. iodine per litre, 
is opaque even in thin layers and appears quite black. This is 
made use of in iodine titrations. A little carbon tetrachloride is 
shaken with the titration mixture and loses its pink colour only 
when the last of the free iodine has been removed. This method is 
more sensitive than the use of starch. 

Non-aqueous solutions of iodine can be divided into two classes 
according to colour: brown solutions are afforded by the alcohols, 
ethers, esters, fatty acids, or ketones, violet ones by carbon tetra- 
chloride, chloroform, carbon disulphide, or hydrocarbons. It will 
be noticed that the first class of solvents contains those with oxygen 
in the molecule, and whicli can act as donors, while the second class 
contains only indifterent liquids; it is tlierefore supposed that in 
the brown solutions iodine is combined with the solvent, but in the 
violet solutions exists as free molecules. There is some experi- 
mental evidence for this view, on which the cryoscopic method, 
which depends only on the concentration of solute particles, can 
cast no light: 

(i) The violet colour of the solutions is the same as that ol 
iodine vapour, and is almost independent of the nature of 
the solvent : this is not true of the brown colour. 

(ii) 7 'here is some tendency on the part of the brown solutions 
to become violet on heating. 

fhere is other evidence which points in the same direction. 

The tincture of iodine used for medicinal purposes is a solution of 
iodine and potassium iodide in dilute alcohol. 

Iodine is the least active of the halogens, and is somewhat inert 
towards the non-metals, but it combines directly with most of the 
metals, often with incandescence. A warm mixture of aluminium 
powder and iodine is fairly stable, but if a drop of water is added 
to the mixture vigorous combination takes place, with red flames 
and copious evolution of fumes from the unchanged iodine. 
Apart from such examples of direct combination, the inorganic 
reactions of iodine in solution can mostly be classified as: i. 
Reductions to iodide. 2. Oxidations to hypoiodite, usually followed 
by further changes. 3. Simultaneous oxidation and reduction. 

I. Reduction to iodide . — This can take place, according to the 
conditions, either by the acquisition of electrons or by the 
liberation of oxygen atoms from water: 

I2+2 electrons->'2r or l2+H20~>2r+2H‘+0. 

The first change is scaicely affected by alterations in the acidity 
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of the solution, whereas the second goes best in weakly alkaline 
solution, and may be reversed if the solution is strongly acid. 
Examples are the reactions of iodine solutions with thiosulphate 
and with arsenites: 

I,+2SA"-^2r+S,0«-. I2+H.p+As0r=^2r+2H*+As0/". 

The action with thiosulphates lakes place under any conditions of 
acidity, whereas the arsenite reaction needs careful control, and will 
not reach completion unless measures are taken to prevent an 
increase in the hydrogen ion concentration. On the other hand 
strongly alkaline solutions lead to the formation of hypoiodite 
and must equally be avoided. The reaction can be carried out 
with success if sodium hydrogen carbonate is added to the solution 
as a bufler. Ikith reactions are extensively used in voliimetricanalysis. 

2. Oxidation to hypoioditc.~-\\y\)o\o(\o\is> acid is the first product 
of the oxidation ol iodine: 

I,d-H,0+0--2HIO, 

but it is an unstable substance (see below), and is seldom found in 
the final product. Thus when iodine is boiled with nitric acid 
of suitable concentration it is quantitatively converted to iodic acid: 

2I2+ 21120+100^411103. 

3. Simultaneous Oxidation and Reduction . — This takes place when 
iodine dissolves in solutions of caustic alkali, the first products 
being an iodide and hypoiodous acid: 

lad 0H'->H10 I r. 

Even in alkaline solution the very weak electrolyte hypoiodous 
acid soon decomposes into iodate and iodide: 

3HI0->3H+I03'+2l', 

but this can be avoided, lo some extent at least, by using a solution 
with a very low hydroxyl ion concentration, e.g. a suspension of 
mercuric oxide. This indeed is the be.st method of preparing a 
solution of hypoiodous acid; the mercuric iodide is removed by 
filtration: 

2l2+Hg0+H.,0- Hgla ; + 2 HIO. 

In spite of its instability hypoiodous acid is the key to much of 
the solution chemistry of iodine, and its methods of clecom position 
must be further examined. 

It differs from the analogous compounds of chlorine and bromine 
in being amphoteric: it is simultaneously hypoiodous acid and 
iodine hydroxide. Consequently it can decompose in more than 
one way: 



752 THEORETICAL AND INORGANIC CHEMISTRY 

(i) In alkaline solutions it yields an iodate and an iodide: 

3HI0->3H‘+I03'-h2r. 

This reaction may also take place in weakly acid solution, 
and then goes farther, for in acid solution iodates will oxidize 
iodides: 

KV-i 5l'-l 6ir^-3T2-t 3 H 2 O. 

so that the entire change is then: 

5H I O ^ -H 10.3 4-210+ 2H oO. 

^’ii) If the unstable neutral solution is brought into contact with 
('asily oxidizable substances (such as the salts of manganese 
or cobalt), decomposition takes place as follows: 

Hio-^H -I r + 0, 

and oxidized substances (such as sesquioxides c>l manganese 
or cobalt) are ])r()duced. 

(ill) in very struiii^ly acid solution hypoiodous acid ionizes as a 
base : 

I 0 H+H, 0 =(LH, 0)-4 0 ir, 

and produces solutions containing positive iodine. See 
]). 724. 

Hydrogen iodide, HI. — The reaction between hydrogen and 
iodine, one of the simplest and most easily accessible* examples ol 
chemical e(phlibrium, has been exhaustively investigated by 
Bodenstein, and by others after him (p. in). The synthesis oi 
hydrogen iodide can be carried out in the laboratory, but (*veii 
with the help of platinized eisbestos the jmjcess is inconv(*ni(‘nt. 
A better method is to treat iodine and water with small qu.intities 
of red phosphorus, made into a paste with water and dropped 
on to them through a tap-funnel. By using excess of iodine it is 
possible to avoid the formation of phosphonium iodide and to 
carry out the reaction according to the equation : 

P+5I+4H0P-5HI t +H3PO,. 

The gas is washed with a very small quantity of water, and is freed 
from iodine vapour by jiassing it over moist phosjihorus. It mav 
be dried with calcium iodide or phos])horus pentoxide, but not with 
calcium chloride, which produces a little hydrogen chloride. 

A solution of hydrogen iodide can conveniently be made by 
adding small quantities of iodine to water through which bubbles 
a stream of hydrogen sul])hide: 

H2S+l2=2HI+S|. 

The sulphur is filtered off and the hydrogen sulphide, which is 
much less soluble in w^ater than is hydrogen iodide, is removed by 
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a current of carbon dioxide followed by boiling. The solution can 
be concentrated by boiling off the water until the constant -boiling 
mixture remains in the distillation vessel; it contains 57 per cent 
hydrogen iodide and boils at about 127°. 

Since iodides are oxidized by hot concentrated sulphuric acid» 
this acid cannot be used for the preparation of hydrogen iodide. 

Properties . — Hydrogen iodide is a colourless gas with a pungent 
smell, freezing at —51° and boiling at —35°; it is exceedingly soluble 
in water. The solution is called hydriodic acid, and is a strong 
acid: the remarks on the ionization of hydrochloric acid apply to 
this substance also. Hydrogen iodide differs from the other 
hydrogen halides in dissociating into its elements at much lower 
temperatures. At 300° the dissociation has already reached ib per 
cent, so that the colour of iodine vapour is apparent even at lower 
temperatures than this. The dissociation ol the other hj^drogen 
halides at 300*^ is very slight indeed. The aqueous solution is 
ea.sily oxidized to iodine and water, and this is brought about by 
the action of the air, so that hydriodic acid, unless isolated from the 
atmosphere, fairly rapidly becomes yellow. Solutions of other 
iodides become yellow for a similar reason, for the carbon dioxide 
of the air, by dissolving in water, provides a sufficient concentration 
of hydrogen ions to make the change possible. 

Iodides. — 1'hese are usually prepared: 

(i) by direct combination : 

(ii) less often by the action of hydrogen iodide, tree or in solution, 
on the metal, oxide, or carbonate ; 

(hi) by acting on a hot oxide of a metal with iodine vapour, e.g. : 

2Pb0-f2la^2Pbl2-|-02; 

(iv) by reducing an iodate or periodate, often simply by heating it. 

Iodides are usually less volatile than the bromides or chlorides of 
the same element, and they are more often coloured; the occurrence 
of insoluble iodides is also more frequent. Iodine is so easily 
liberated from solutions of iodides that the iodides of oxidizing 
cations (in which we may include the noble metals) either cannot 
be prepared or are insoluble in water; thus ferric, cupric, and ceric 
iodides are unknown, and cuprous, silver, auric, mercurous, and 
mercuric iodides are insoluble. 

The oxidation of iodide solutions to iodine can be carried out with 
a large variety of reagents, and the estimation of iodine bv the 
thiosulphate titration is at once so accurate and so convenient that 
this reaction is often u.sed for the estimation of oxidizing substances. 
Chlorine, bromine, dichromates, permanganates, hydrogen peroxide, 
and metallic peroxides can all be estimated in this way, as well 
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as iodates (sec below). Some of these reactions do not take place 
instantaneously; they may then be accelerated with a catalyst 
such as a molybdate or a tungstate, ammonium molybdate being 
commonly used for the purpose in the case of hydrogen peroxide. 
Solid iodides are more easily d(x:omposcd by heating in air oi 
oxygen than are the other halides. In such decompositions iodine 
escape's and an oxide is left. 

OxiDics OK Iodink:. — The principal oxides of iodine are the dioxide 
lO.^, and the pentoxide, I2O5; but another of formula I^Og certainly 
exists (see p. 724), and others have been reported. 

Iodine dioxide, 10.^ or I2O4, is prepared from iodic acid by heating 
it with excess of concentrated suljihuric acid: oxygen is given off 
and a brown solid remains which can be washed with water and 
dried at loo*^. The pure dioxide is a yellow solid which decomposes 
when heated much above this temperature, and which in con- 
tact with moist air, or when treated wath water, forms iodine and 

iodic acid: ioIO,+4H20.=l2-l-8H103. 


Iodine pentoxide. Iodic anhydride, I.^Og, is prepared by heating 
iodic acid to 240°. It is a white deliquescent solid readily soluble 
in water, with which it forms iodic acid, and rapidly dissociating 
into iodine and oxygen if heated to 300° or over. It is insoluble 
in organic solvents. 

Iodine pentoxide has the oxidizing f)roperties of iodic acid, and 
reacts with easily oxidizable substances with inflammation. It is 
used in the estimation of carbon monoxide in air or other gas 
mixture. The carbon monoxide is oxidized to carbon dioxide, 
which can easily be absorbed in baryta and estimated: 


1 2^ r> T ~ 1 2 H' 5 ^'^ 2 - 


Other Oxides. — Iodine, wdiether in the solid state, as vapour, or 
dissolved in organic liquids, is attacked by ozone with the formation 
of solid oxides to which various formulae have been assigned. The 
product is very possibly iodine iodafe, 146^ or 1(103)3, mixed with 
other oxides, but this conclusion is not certain. Whatever its 
nature, it loses iodine on heating, and on treatment with water 
yields iodine and iodic acid. 

OxYACiDS OF Iodink. — ^These are hypoiodous acid, HIO, iodic 
acid, HIO3, and periodic acid, HIO4. 

Hypoiodous acid, HIO. — The preparation of this substance by 
the oxidation of iodine in the presence of water has already been 
discussed, as also its decomposition. The hypoiodites are less stable 
even than the corresponding compounds of bromine. 

Iodic acid, HIO3, and the Iodates. — Iodic acid can be prepared 
without difficulty by heating iodine with concentrated nitric acid. 
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The residue is dissolved in water and heated to dryness once or 
twice to remove all the nitric acid. A simple but less convenient 
method of obtaining the compound is by the hydrolysis of iodine 
chloride, or by the equivalent operation of passing chlorine through 
a suspension of iodine in water : 

l2+5Cl2+6H20=2HI03+ioHCl. 

The hydrochloric acid is removed with silver oxide. Iodine will 
displace chlorine from chloric acid : 

h+2C\0,'=2l0,'+C\,U 

and solutions of iodic acid can be prepared by this method. 

Iodic acid is a colourless crystalline solid, hygroscopic, and exceed- 
ingly soluble in water. The solutions are strong acids. The solid 
loses water at iio° to form a compound, loO^^.HIOa, and at 240“ is 
completely converted to the pentoxide. 

Potassium iodatc, KIO3, can be prepared by warming a solution 
of potassium chlorate, initially containing a small amount of chlorine, 
with iodine, when the successiv(‘ reactions are: 

(i) Ig-i CI2-2ICI, (2) KC103+ICl-Ki03-| CU. 

It is a colourless solid, not verv soluble in cold w'ater, but very soluble 
in liot water, and can so readily be obtained in a state of high purity 
by recrystallization that it is much used as a standard oxidizing 
substance in volumetric analysis. It melts at 560° and at a slightly 
higher temj)erature decomposes into iodide and oxygen: this is the 
best method of preparing pure potassium iodide. 

Sodium iodatc, NaI03, occurs naturally in small quantities in 
Chile saltpetre (p. 450), which is the source of most of the iodine of 
commerce. 

Barium iodatc, Ba(I03)2.H20, is prepared by precipitation from 
barium solutions and iodate solutions, as it is nearly insoluble in 
water. On heating, it first loses its water of crystallization, and 
then forms barium periodate (or paraperiodate) with the loss of 
iodine and oxygen : 

5Ba(I03)3=Ba5(IOo),4-4l2 1 +902 t • 

Like the chlorates, the iodates are all powerful oxidizing agents. 
With acid iodide solutions they immediately liberate iodine: 

I 03 '+ 5 l'-l 6H - 3I2-+3H2O, 

a reaction which can be used for the volumetric analysis of either 
iodates, iodides, or acids by keeping the other two reactants in 
excess. This is one of the most accurate methods for the estimation 
of strong acids in very dilute solution (N/iooo or less). In very 
concentrated hydrochloric acid the addition of more iodate leads 
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to the lormation of iodine monochloride, but if no iodine is present 
chlorine is given off and iodine trichloride produced : 

lO^'-f bHCl-ICl^-f t +3H0O. 

Reducing substances such as phosj^horus or sulf)hur dioxide are 
imrnediatelv oxidized by iodic acid. 

The formation of acid salts, of which several are known, is a 
property of iodic acid which is not shared by chloric or brornic 
acids, and in concentrated solution the acid itself, or its anion, 
shows *^01110 evidence of association. Thus potassium di-iodatc, 
KIO3.HIO3, and potassium tri-iodate, KIO3.2IIIO3, can both he 
isolated from solutions of potassium iodate and iodic acid. 

Periodic acid, HIO4, and the Periodates.— These compounds arc 
usually obtained by oxidation of iodates. Thus a good yield of the 
compound Naall^lO,; {disodium trihydrogen parapcr iodate) can be 
obtained by passing chlorine into a boiling solution of caustic soda 
containing excess of iodine. The sodium salt is not very soluble and 
can be removed by filtration. It can be converted to the still less 
soluble silver periodate, AgglO^, with the help of silver nitrate solution, 
and from this compound a solution of periodic acid can be obtained 
by treatment with chlorine, which precipitates all thesilver as chloride. 

Alternatively barium paraperiodate, BaB(I0Q)2, may be obtained 
as described above by heating the easily-made barium iodate, and 
a solution of periodic acid can be made from it by treatment with 
dilute sulphuric acid. From such a solution the pure acid may be 
obtained by evaporation followed by desiccation over concentrated 
sulphuric acid: it appears in colourless crystals which have the 
composition HglOg (or HK)4.2H20) and are known as paraperiodic 
acid. If subjected to prolonged heating at 100° in a vacuum they 
lose water and are completely converted to the m^^a-acid, HIO4. 

The basicity of periodic acid in its various forms is not yet 
completely understood. If titrated against strong bases it is 
monobasic with methyl orange and dibasic with thymolphthalein. 
The conductivity results also point to the conclusion that para- 
periodic acid is fairly strong in its first dissociation, weak in its 
second dissociation, and very weak in the others. The solid 
periodates are a complicated series of salts which can be regarded 
as derivatives, often hydrated, of the two known forms of the acid, 
HIO4 and HglOfi, but others prefer to derive some at least from a 
hypothetical acid, H4I2O9 (or 2HIO4.H2O). Thus disodium tri- 
hydrogen paraperiodate may be NagHsIOo or Na4l209.3H20. 
Whatever view be taken of these matters, there is no difficulty in 
formulating periodic acid and its salts as compounds of a hypo- 
thetical acid anhydride, iodine heptoxide, I2O7, with varying 
proportions of water or a base. 
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The periodates are stable compounds, thougli powerful oxidizing 
agents. Barium paraperiodate, obtained by heating barium iodate, 
can be kept for considerable periods at a red heat without much 
decomposition. Periodates liberate the whole of tlieir iodine wlum 
treated with acid iodide solutions, and this can be used in their 
estimation : 

10/ -I 7r-i-SH--4L,H 4TLO. 

Potassium met a period ate, is obtained from clilorine and 

hot alkaline ]Kjtassium iodate; like potassinni jierchloratc'., it is only 
slightly soluble in cold water. On heating, it forms first potassium 
iodate (contrast potassium perchlorate) , then potassium iodide. 

Disodinm trihydrofien paraperiodate, NaoH.JOj;, is prepared as 
d('scribed above, b'rom solutions of tliis salt m aqueous periodic 
acid iUi) compounds NaT04 and NallJO,, can be obtained by 
crystallization, while from strongly alkaline solutions Na^HJOf, is 
deposited. Normal sodium paraperiodate , NaTO,., has also bc'cn 
described, and the existence of similar salts ol silvtT and barium 
is beyond question. 

Iodine monochloride, 1(1, is obtained withord difficulty by union 
of the elements. Chlorine is passed over iodin(^ until the product is 
li(iuid, and the monochloride is purified by distillation. It is a 
frequent ])r()du(d of reactions in which chlorine is liberated in the 
presence of iodine, or vice versa, ])rovid(‘d that water is absent, 
and can, lor e\am]de, be prepared by distilling a mixture of iodine 
and jK)ta^sium chlorate; 

2K(103+l2" 2KIO34-CI2. followed by CI2+T2— ~IC1. 

It is hydrolysed by water with the production of iodine and iodic 
acid: 

5lCl + 3TJ20<-2l2 1 HIO3+5HCI, 

but the reaction is reversible, and in the presence of very concen- 
trated hydrochloric acid an iodate wiU oxidize iodine quantitatively 
to form a pale yellow and very stable solution containing the anion 
ICl/: 

icid(d'=:i(:v. 

Potassium iodate, acting in the presence of much hydrochloric 
acid, has become widely used as a quantitative oxidant in volumetric 
analysis (for example, in Andrews' meth(jd). Its action is based on 
the equation: 

IO3' +6H- d-2Cr -f4e - ICl/ +3H2O, 
from which it is seen that under the conditions specified the oxidation 
equivalent of iodate is one fourth of the formula weight. 

Iodine monochloride is a red solid which exists in two forms, 
melting at 27° and 14° to a brown liquid. This liquid boils at about 
100® to form a red vapour which is not markedly dissociated. 
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Iodine monocliloride dissolves in organic solvents to form deeply 
coloured solutions, from which, however, it can be extracted bv 
water, which decomposes it, or by hydrochloric acid, which changes 
it to IClo'. Its chemical activity exceeds that either of iodine or 
of chlorine, and it finds some use in the laboratory as a chlorinating 
agent, e.g. in destroying any carbon disulphide which may be present 
in commercial carbon tetrachloride, and as a catalyst or ‘ chlorini' 
carrier.’ It combines with alkali-metal halides, particularly thos(‘ 
of rubidium or caesium, to form compounds such as fsICla, con- 
taining polyhalide ions. 

Iodine monobromide, IBr, is obtained by combination of tiic 
elements. It is a solid not unlike iodine in apipearance but smellir g 
of bromine; it melts at 42 "" and boils at It resembles iodine 

monochloride in its chemical properties, but is less stable. 

Iodine cyanide, ICN, is produced by the action of potassium iodat(‘ 
on iodine in the presence of cyanides, or by adding iodine in theo- 
retical amount to a well-cooled aqueous solution of sodium cyanide, 
followed by extraction of the iodine cyanide with ether, and its 
recrystallization from chloroform. It is very poisonous, and dis- 
solves only slowly in water. The action: 

ICN-l-IV^Ia-l-CN', 

is reversible. Acids reduce the concentration of cyanide ion by 
forming the very weak hydrocyanic acid, and so in eicid solution 
iodine cyanide will oxidize iodides to iodine. In neutral solution the 
reverse change takes place. 

Although it is very improbable that iodine cyanide and the halides 
described above actually contain the cation T, some of their reactions 
can be most easily explained by assuming a mechanism involving 
fission into the appropriate anion and such a cation, perhaps tem- 
porarily stabilized as suggested on p. 724. 

Iodine trichloride, ICI3.— The best-known of the compounds of 
tervalent iodine is iochne trichloride, ICI3, produced from iodine 
and excess of chlorine. If the reaction mixture is warmed, the 
trichloride collects in yellow crystals in the cooler parts of the 
apparatus. It is a solid which melts at 25°, and readily decomposes 
on warming into the monochloride and chlorine. It is hydrolysed 
by water, but the reaction is not reversible. If the water is in 
large excess the principal reaction is: 

5 lCl 3 +c)H 20 =i 5 HCl-(- 3 HI 03 +L>, 
but other products may be formed. The hydrolysis can be prevented 
by a sufficient concentration of hydrochloric acid. Iodine tri- 
chloride forms a series of salts, such as CSICI4, with the halides of 
the alkali-metals; these salts arc stable, brilliantly coloured sub- 
stances which can be recrystallizcd from water. Rubidium ietra- 
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chloro-iodite, RblCl^, is obtained in bright yellow crystals by 
passing excess of chlorine into a concentrated solution of rubidium 
iodide : 

RbI+2Cl2-RbICl4j, 

and cooling the solution. Tlie corresponding acid, HICI4.4II2O, 
is precipitated as orange-yellow crystals when chlorine is passed 
through a suspension of iodine in concentrated hydrochloric acid 
at 0°. It was doubted whether such compounds as RblCl4 contain 
the iodine in the anion, as they lose iodine on extraction witli 
organic solvents; but KICI4 has been X-rayed and shows a square- 
shaped anion; 

Cl Cl 

(1 \i 

Iodine acetate, I(CH.j.COO).,, (’an be prepared by oxidizing iodine 
dissolved in glacial acetic acicl with chlorine monoxide. 

T2+0CIbj.COOH-|-3( l20-2l(CH3.C00),-l-3H20-| 3('l.,. 

Iodine nitrate, jirobably can be prcjianHl irom iodine 

and very concentrated nitric acid; it is a yellow ])owder decomposed 
by water. 

Iodine sulphates of uncertain constitution have been prepared 
by tlie action of concentrated sulphuric acid on iodic acid. 


Subgroup A 

Mangamesh, Technetium, Rhenium 

Mn - 54-94; atomic number, 25 Tc=(()9); atomic number 43 

Re==-i86-22;. a/ow/c number, 75 

Manganese is the only important element of this subgroup. The 
discovery of ‘ masurium ' was announced in 1925, but has not been 
confirmed. An clement, named technetium, undoubtedly an isotope 
of atomic number 43, with mass number qg, has been identified in 
the products of bombarding molybdenum with deuterons. It 
closely resembles rhenium. Rhenium also was not discovered till 
1925, but our knowledge of this rare element is now fairly complete. 

The atomic numbers, atomic weights, densities, and atomic 
volumes arc as follows: 



Mn 

Tc 

Re 

Atomic Number 

^5 

43 

75 

Atomic Weight 

51-94 

? 

I So- 22 

Density 

7-06 

? 

21-4 

Atomic Volume 

7-8 

? 

8-8 


2B 
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Manganese 

Mn = 54'94. Atomic Number, 25 

History. — Althougli pyrolusile (MnOj) lias been used for perhaps 
two thousand years in glass manufacture (to obscure the green 
colour caused by the presence of iron), metallic manganese was 
hrst prepared in 1774, when Gahn obtained it by reducing pyro- 
lusite with carbon. In early times, pyrolusite was confused with 
magnetite and other black minerals, and it is rare U find any even 
moderately accurate account of its properties before the eightcfiilli 
century. 

Occurrence and Extraction. — Mangane.se is neither very abundant 
nor verv scarce, one or two million tons of the ores being produced 
annually. They are widtdy diffused, and usually consist of the 
oxides, contannnated with iron and other metals, though the 
sulphide, manganese blende, MnS, is well known. The principal 
ore pyrolusite, MnOo, found in Germany and other parts of Europe, 
in America, and in Africa. Another common ore is hraumte, 
MiioOn. Traces of manganese compounds are found in m,ui\ 
plants and animals. 

Most of the manganese of commerce is m the form of an alloy 
with iron called Jer to -manganese, which can be made in a blast 
furnace by the reduction of mixed oxides of manganese and iron, 
with a large quantity of lime as flux. In the laboratory the metal 
can be obtained by the reduction of its compounds with powerful 
reducing agents. Carbon has often been used, but it recjuires a 
very higli temperature, and the metal produced contains carbide. 
The reduction of manganese oxides with hydrogen likewise requires 
a very high temperature, and on a small scale the action of mag- 
nesium on a fused mixture of manganese and potassium chlorides 
is to be preferred. The metal can also be obtained elcctrolyticallv. 
But by far the most convenient method for the preparation of pure 
manganese on a large scale or in the laboratory is the Goldschmidt 
process (p. 533), in the course of wdiich the metal fuses and collects 
in a compact form at the bottom of the containing vessel. 

Ferro-manganese is used as a deoxidizer in the Bessemer process 
for making steel (p. 777). Steel containing a small proportion of 
manganese is exceptionally hard, and is used in steam navvies, 
crushing machinery, safes, and for similar purposes. 

Properties. — Pure manganese is a silver-white metal with a 
density of 7*06, melting at 1245°. It is hard, but not so hard as 
cast iron. Pure manganese is stable in the air, but if it contains 
carbide or other impurities it is easily corroded. The standard 
electrode potential, though not very accurately known, is in the 
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neighbourhood of — i*o8 volts, so in the electrochemical series 
manganese comes between zinc and aluminium. It reacts very 
slowly or not at all with cold water, forming manganous hydroxide. 
Mu (011)2, and is easily dissolved by dilute acids, with which it 
forms manganous salts. It does not display passivity in concen- 
trated nitric acid. The metal combine^ with tlie halogens, sulphur, 
and phosphorus, and with nitrogen on strong heating. Like many 
other metals, it can be prepared in a pyrophoric form by heating 
the amalgam under reduced pressure or by other processes. 

Oxides and Hydroxides. — The oxides of manganese are given 
in the table. Manganese can have all valencies from two to seven 
except five, and the complexity of its valency relations makes the 
study of this element a dithcult one. 

Manjj^anoiis oxide, MnO, a strongly basic oxide corresponding with 
the manganous salts. 

Manganic oxide, MiigOa, weakly basic and corresponding with the 
manganic salts. 

Trimanganese ietroxide, Mn^O^, with no corresj.>onding series of 
salts. 

Manganese dioxide, Mn02, weakly acidic and corresponding with 
the manganites. 

Manganese hepioxide, Mn207, strongly acidic and corres}:)onding 
with the permanganates. 

No manganese trioxide corresponding with the manganates exists 
(see p. 763). 


The Oxides of Manganese 

Manganous hydroxide, Mn(OH)2, is a colourless solid precipitated 
from manganous solutions by caustic alkalis. As it is not among 
the least soluble of metallic Jiydroxides, a large concentration of 
ammonium ions will prevent its precipitation by ammonia. When 
exposed to the air it becomes brown and is oxidized to hydrated 
manganese dioxide. 

Manganous oxide, MnO, is a grey or greenish substance prepared 
by heating the hydroxide in the absence of air (e.g. in hydrogen) 
or by reducing with hydrogen any other oxide of manganese. It 
can be reduced to the metal only with the greatest difficulty, which 
accounts for its use as a deoxidizer in the manufacture of iron. 
With hydrogen a temperature of over 1200° is required. If finely 
divided and warm the oxide may be pyrophoric, and if heated in 
steam it will reduce it with the formation of hydrogen and 
trimanganese teti oxide. 
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Manganic oxide, MiigOg, occurs in nature in the hydrated form 
as manganite, and anhydrous as bramiite. The hydrated form 
can conveniently be obtained by passinp; a brisk current of air 
for some hours through an ainmoniacal solution containing a 
manganous salt and ammonium chloride. Manganic oxide is a black 
solid which can be heated in the air without change to nearly looo^ 
but above that temperature gives up oxygen to form trimanganest^ 
tetroxid(^ (compare iron). It is easily reduced to the monoxide by 
heating in hydrogen. With concentrated acids it yields solutions 
of manganic salts. The stability of these solutions depends on 
the nature of the anion, but they usuallv decompose on heating, 
liberating oxygen or an oxidation-product of the anion — (\g. 
chlorine from hydrochloric acid. Boiling with dilute acids, if these 
are not easily oxidized, produces a manganous solution and a 
precipitate of hydrated manganese dioxide: 

MngOg 1 2ir=Mn'*+Mn02 I -| HgO. 

Trimanganese tetroxide, Mn304, is the stable oxide of manganese 
at high temperatures, and can be prepared by heating any otlier 
oxide to 1000*^ or over. The colour depends on the nudhod ol 
preparation and the state of subdivision. In the hydrated form it 
can also be ])recipitated by caustic alkalis from mixed manganous 
and manganic solutions. With acids, like the sescpiioxide, it yields 
a mixture of a manganous salt and manganese dioxide, which ma\ 
or may not oxidize the acid. I'rimanganese tetroxide is comj)osed 
of the simple ions Mn", Mn“’, and O", and is the analogue of Id^sO.^ 
and ("03O4. 

Manganese dioxide, MnOg, occurs in nature as pyrolusite, tl.c 
principal ore of manganese. In the hydrated foim it can Ix' 
})roduced from solutions of manganese compounds by many 
different reactions. Manganous salts can be oxidized in alkaline, 
neutral, or even dilute acid solution, with a hypochlorite, sodium 
peroxide, or at the anode in electrolysis. Permanganates can be 
reduced in alkaline solution with h^^drogen jieroxide, or by man- 
ganous salts, or by boiling with ammonia. The anhydrous oxide 
can be made by heating the hydrates at a carefully regulated 
temperature, or by heating manganous nitrate in the air and 
extracting any lower oxides with concentrated nitric acid. 

Manganese dioxide is a brown or black substance nearly insoluble 
in water, but a suspension of the hydrated form will redden blue 
litmus. When strongly heated it yields at about 600*^ the sesqui- 
oxide and oxygen; further heating in air converts the sesciuioxide 
to trimanganese tetroxide. Manganese dioxide can be reduced 
without difTiculty to the monoxide by heating in hydrogen or in 
nitric oxide, while gaseous ammonia will reduce it to the sesquioxide. 
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The dioxide is insoluble in some acids, such as hydrofluoric acid, 
while with other acids it forms a solution which contains either ter- 
or quadrivalent manganese. Such a solution decomposes on heating 
to form a manganous solution and eitlier oxygen or an oxidation- 
product of the acid anion, so that in boiling concentrated solution 
sulphuric acid gives oxygen and hvdrochloric acid chlorine. This 
is one of the commonest methods of preparing chlorine. The 
dioxide will not dissolve in acjueous alkalis, though it takes up 
alkali from the solution to form an insoluble manganite. Fusion 
with caustic alkali likewise converts some of it to a manganite. 
Powerful oxidizing agents, such as hypochlorites, act on alkaline 
suspensions of manganese dioxide to form a ])ermangaTiate: 

2 Mn 02 + 20 I-rH- 30 - 2 MiiCV j H,0. 

The dioxide is a catalyst for many reactions in which oxygen is 
evolved. It is widely used in the laboratory to assist the decom- 
position of potassium chlorate, and it lapidly converts hydrogen 
peroxide solutions into oxygen and water. It is notcwortliy that 
the dioxides MOg of titanium, germanium, tin, lead, and manganese 
all possess a common type of ionic crystal structure, wherein six 
oxygen ions, O", surround a metal ion, M“’‘, and three iiietal ions 
an oxygen ion. 

Manganese dioxide is used in the manufacture of potassium 
])ermanganatc, and was formerly employed in the Wf.ldon chlorine 
process and in the manufacture of bromine. 

Manganese inoxide . — In view of the close relationship of man- 
ganatc's to .sulphates and chromates it was to be expected that 
manganese would yield a trioxide. Such an oxide was formerly 
thought to be produced, as a reddish vapour, when a solution of 
])otassium pennaiigaiiatc in cold coiuxuitrated sulphuric acid was 
drop])ed slowly upon sodium hydrogen carbonate. A recent re- 
examination has shown that nothing can be isolated from the red 
vapour but permanganic acid, of which, in droplets, the ‘ vapour ’ 
consists. Further, in the careful thermal decomposition of the 
heptoxide, MugO^, no intermediate oxide can be delected before the 
final residue of dioxide. If the trioxide can exist it has certainly 
not yet been obtained. 

Manganese heptoxide. Permanganic anhydride, MnoO,. — This very 
unstable substance separates in dense drops of a dark colour when 
lincly-powdered potassium permanganate is added to well- cooled 
anhydrous sulphuric acid ; 

2HMn04 -H2O -MngO,. 

It is rapidly decomposed by moisture, but dilute solutions can be 
prepared. They have the familiar purple colour and contain 
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permanganic acid, HMn04. The action of dilute sulphuric acid 
on a solution of barium permanganate is a more convenient method 
of preparing the acid solution. Manganese heptoxide is a very 
powerful oxidizing agent. 

Manganous Compounds. — In the manganous compounds the 
clement is bivalent; this is the stablest cation of manganese. Man- 
ganous compounds resemble the ferrous compounds and are pro- 
duced by the action of acids on the metal, by the action of all the 
halogens, exce])t fluorine, on the metal, by the reduction, often 
very easily c fleeted, of more highly oxidized manganese compounds, 
and in varicuis other ways. The manganous ion is pale pink. Sincf* 
the Jiydroxide is a strong base, there is no perceptible hydrolysis 
of the salts at room temperature. 

The oxidation of manganous compounds can lead to the forma- 
tion of manganic compounds, manganese dioxide, or permanganates. 
Manganic salts can exist only in solutions very concentrated in 
some acid resistant to oxidation, or containing the metal in a 
complex anion. If these conditions are not satisfled, manganese 
dioxide is precipitated, unless the oxidizing agent is able to oxidize 
it still further to a permanganate. The oxidation to niangaru^se 
dioxide (or sesquioxide) is much more easily effectc'd in alkaline 
than m acid solution, as would be ex])ected from the c(|uation: 

Mn*>0-|-20H'-Mn02; +H,0, 

and manganous hydroxide is oxidized to manganese dioxide merely 
by exposure to the air. If a permanganate is to be produced, it is 
essential that the manganous solution should be dilute, for otherwise' 
the permanganate reacts with unchanged manganous ions to form 
the dioxide" 

2 Mn 04 '+ 3 Mn'+ 40 ir ^sMnOo | +2HjjO. 

These influences may be illustrated by the behaviour of ozone, 
which in concentrated sulphuric acid produces manganic sulphate, 
in concentrated hydrochloric acid chlorine, in dilute acid very 
dilute in manganous salt a permanganate, and in neutral solutions 
of moderate concentration manganese dioxide. Chlorine or bromine 
produce meinganese dioxide or a permanganate, hydrogen peroxide 
or sodium jicroxide produce manganese dioxide, while a mixture of 
lead dioxide and nitric acid produces a permanganate, provided the 
manganous solution is dilute. 

Manganous Halides. — These salts arc prepared by the usual 
methods. If they are required anhydrous, evaporation of the 
aqueous solution is best conducted in a current of the hydrogen 
halide. Like other manganese compounds, they can be reduced 
to the metal with hydrogen only at very high temperatures. 
Manganous fluoride, MnFg, is a rose-coloured salt with a high 
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melting-point, nearly insoluble in water. Boiling with water 
produces an oxyfluoride. 

Manganous chloride, MnCU, is a very deliquescent rose-coloured 
salt wliicli melts at and can be boiled at a very higli tempera- 
ture. The vapour density corresponds with the simple formula. 
It is very soluble in water and forms numerous hydrates; it also 
di<;s(dves in alcohol, but not in ether. It was used in the Weldon 
chlorine process (p. 731), and is a good catalyst for the chlorination 
of carbon disulphide. 

Manganous bromide, MnBr^, and iodide, Mnlo, resemble the 
chloride, but arc more readily converted to trinianganese tetroxide 
on heating in the air. 

Manganous carbonate, MnCOg, is prepared by adding a bicar- 
bonate solution to a manganous solution which is kept saturated 
with carbt)n dioxide. This precaution is necessary because man- 
ganous hydroxide is a good deal less soluble than the carbonate, 
and a normal carbonate solution ])recipitates a mixture of hydroxide 
and carbonate. 'I'lic presence of hydroxide in the white precipitate 
obtained is easily revealed by the brown colour produced by 
exposure to the air. 1'he caibonate is decomposed by boiling 
water into the hydroxide and carbon dio.xide, and is easily 
decomposed by heating alone. 

Manganous nitrate, Mn(N03)2, is obtained in solution by the 
usual methods, but if the neutral solutions are evaporated the 
oxidizing action of the hot concentrated nitrate sidution produces 
manganese dioxide. Various hydrates of the nitrate, or the 
anhydrous salt, can be prepared by cautious concentration of nitric 
acid solutions. At room tcmpeiature the colourless hexahydrate, 
Mn(N03)2.6H20, is the stable modification. It is very soluble in 
water. The anhydrous salt begins to decompose at 160°. 

Manganous phosphate, Mn 3 (POj 27 li 2 ^^ is precipitated as a 
colourless sohd nearly insoluble in water by the addition of soluble 
phos})liates, such as disodium hydrogen phosphate, to manganous 
solutions. 

Manganous sulphide, MnS, is prepared by precipitation in neutral 
or alkaline solutions, or by healing manganous oxide in hydrogen 
sulphide. It occurs in a pink cr^cstalline form, and when amorjihous 
may be orange or green. It is more soluble than ferrous sulphide, 
and cannot be precipitated from acid solution. Heated in the air, 
it yields sulphur dioxide and trirnaiiganese tetroxide. 

Manganous sulphate, MnSO^, is one of the commonest compounds 
of manganese, and is prepared from natural manganic oxide and 
sulphuric acid or by the other usual methods. The pentahydrate, 
MnS04.5H20, isomorphous with copper sulphate pentahydrate, is 
deposited on cooling the solutions to room temperature, and loses 
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all its water at 280®. Manganous sulphate is very nearly colourless, 
and dissolves readily in water, but not in alcohol. It melts at 
700'", and at higher temperatures, in the air, yields trimanganese 
tetroxide. 

Manganocyanides. — I'hese com])ounds contain the ion Mn(CN)(/'" 
and resemble the ferrocyanides in composition, but they are mucli 
less stable. Potassium manf^anocymiide, K4Mn(CN)g.3H20, is pn^- 
pared by dissoh'ing manganous hydroxide in potassium cyanide 
solution and allowing the liquid to crystallize in the cold. I'lu' 
action is reversed on boiling with water. Ex])osiire to the air 
converts manganocyanides m solution to manganicyanidi's. 

Manganic (Vjmpounds. -The oxidation potential of the changi' 
Mn’”' -Mu ', though not accurately known, greatly exceeds the 
lerric- ferrous oxidation potential of 077 volt, and is probably 
more than 1-5 volts (both with respect to the hydrogen electrode). 
It follows that manganic salts are powerful oxidizing agt'iits, but 
concentrated solutions (if manganic salts cannot bt' pre]nired on 
account of the tendency of the manganic ion tr) react with water, 
forming a manganous ion and manganese dioxide: 

2Mn '' + 2H20--Mn*'-i MnO. j -] 4Tr, 

a tendeiK'y which ('an be ])revented only by concentrated acids. 
Solutions of manganic salts have an acid nxiction from h\'dn>- 
lysis, and may dejiosit the .sesquioxide unl(‘ss acid is added to them. 
Manganic solutions are tluTelore stable, even in the cold, only m 
the ])resence of a large exc(‘.ss of an acid difficult to oxidize, iml(‘ss 
the tervalent manganese is present in a cmnph'x anion. Insolubh* 
manganic compounds, such as the oxide Mn./).,, or the phosphate 
MiiPO,, are, on the contrary, usually stable. The extri'irie insolu- 
bilitv of the dioxide or its hvdrat(? causes manganous hydroxide 
to be a powerful reducing agent (compare the similar powers of 
ferrous hydroxide). Indeed the relationship between manganous 
and manganic compounds recalls in many ways that between 
ferrous and ferric compounds. I'he stability of the manganifluoride 
complex, (MnF5.H20)", is a further point of .similarity, and in the 
prt'sence of excess of fluoride ions manganous salts will reduc(‘ 
iodine to iodide. 

Halides.- --'riie manganic-manganous oxidation potential exceeds 
the .standard electrode potentials of all the halogens except fluorine. 

Manganic fluoride, MnFg, is prepared by the action of fluorine on 
manganese or the manganous halides. On heating it gives man- 
ganous fluoride and fluorine. It dissolves in water to form an 
unstable red solution which depo.sits manganese dioxide, but in 
the ])resence of excess of fluoride ions a stable manganifluoride 
solution is produced. This is much more easily prepared by the 
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action of a permanganate on a manganous solution containing 
excess of fluoride: 

MnO./f4Mn*+25FM-8H-5MnF5.H20''+3HoO. 

Potassium mangani fluoride , KgMnFg.Hg^, is slightly soluble in 
water and can easily be precipitated from the solution. It is slowly 
decomposed by water to form manganic oxide. 

Manganic chloride, MnClg, is unknown in the solid state, but can 
be extracted by ether, in which it forms a violet solution, from a 
solution of manganese dioxide in cold concentrated hydrochloric 
acid. Potassium mauganichJoride, KoMnCl^-HaO, is a red solid 
resembling the manganifluonde in its properties. 

Manganic sulphate, Mn2(S()|)3, is obtained by treating manganese 
dioxide with concentrati^d siil])hiiric acid and a little maiiganoiis 
salt as catalyst, warming till no more oxygen is evolved, washing 
with concentrated nitric acid, and drying at 150". It is a green, 
very delhjuesccnt solid, stablt* in dry air. It dissolves in concen- 
trated sulphuric acid to form a red solution, and is stable in fairly 
dilute sulphuric acid, but by water is decomposed to form manganic 
oxide. Alums of tervalent manganese have been prepared. 

Manganicyanides.— These compounds are isomorplious with the 
ferricyanides, and contain the ion Mn(CN)g'". Potassium mangani- 
cyanide, K3Mn(CN)Q, is obtained in led-brown crystals by oxidizing 
the manganocyanidc with air. Its solutions soon deposit hydrated 
manganic oxide. 

QuAinuvALP:NT M ANG A NKSE. —Compounds of (inadrivalent man- 
ganese are either insoluble or contain the metal in the anion, while 
they all have a tendency to hydrolyse with the formation of the very 
stable and weakly acidic dioxide. 

Manganese tetrafluoride, Mnh'i, is unknown, but fluomanganites, 
containing the ion MnFg", have been prepared. Potassium fluo~ 
manganitc, KaMnh'g, is prepared from potassium manganate and 
hydrofluoric acid: 

3 Mn 0 /+ 8 H+ 6 F'- 2 Mn 04 ' + MnF6'^+4R,0. 

It is a powerful oxidizing agent slowly hydrolysed by water. 

Solutions of manganese dioxide in cold concentrated hydrochloric 
acid possibly contain hexachloro-manganous acid , HgMnCl^j, in addition 
to manganese trichloride. 

Manganites. — These compounds, derived from the weakly acidic 
manganese dioxide, are u.sually made by heating manganates or per- 
manganates to a moderate temperature. They are usually condensed 
substances with complex formulae, and are insoluble in water. 

Manganates. — These derivatives of sexivalent manganese contain 
the ion Mn04'', and arc bright green. Only the sodium and potassium 
salts are of importance. 

*211 
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Potassium manganate, K2Mn04, is prepared by heating manganese 
dioxide with moist solid caustic potasli in the air: 

2Mn02+40H'+02=2Mn0/M 2 H 2 O. 

The reaction is incomplete, and the product is extracted with water 
and evaporated till green crystals appear. The addition of an 
oxidizing agent such as potassium nitrate helps the oxidation Init 
(amtaininates th(' product. Alternatively potassium permanganate 
may bt‘ luaited with caustic potasli: 

4Mn0/+40H'- ^MnO/' fO, f +2H2O, 
when mangaiK'se dioxide is produced at the same time by a side- 
reaction. 

Potassium manganate is an intenselv green solid isoniorpiK'U'. 
with the chromat(‘, sulphate, and selenate. A furtluT resemblaie e 
between these ions is the insolubility of the barium s.ilts. On 
strong heating, the manganate yields a mangamte and oxygem. 
The maiiganates are stable' in solution only in the jiresc'iicc' of free 
alkali, as the solutions otherwise turn purple and deposit manganese 
dioxide: 

3Mn04"4 2H20-2Mn0/ + Mn02 j H gOH'. 

In acjueoiis caustic potash potassium manganate is ireely soluble. 
The manganates are oxidizing agents. 

Pr.KMANGANATKS. — Mangaiicse heptoxide is a strongly aridic' 
anhydride, and permanganic acid, HMnO^, is a strong monobasic 
acid resembling perchloric acid, HCIO4, though its solutions are 
less stable. Permanganates are the tinal stage of oxidation of 
manganese compounds. On account of its high temperature- 
('oenicient of solubility, which allows it to be easily obtaiueil by 
crystallization, potassium jiermanganatc is of much greater practical 
importance than the sodium salt. 

Potassium permanganate, KMnO^, is made on a fairly large scale 
Irom solutions of potassium manganate. In the old process the 
solution was acidified by passing carbon dioxide through it, but this 
involved the conversion of a third of the manganese to the dioxide, 
the starting-point of the manganate process. It is therefore more 
economical to oxidize the manganate solution either with chlorine: 

2 Mn 04 "+Cl 2 = 2 Mn 04 'H- 2 Cr, 

or at the anode in electrolysis, usually in a cell of diaphragm type. 
Potassium permanganate is also made from a manganese steel 
anode in aqueous caustic potash. The product is easily purified by 
recrystallization. It forms small crystals isomorphous with potas- 
sium perchlorate, KCIO4, anti of a purple colour so dark as to 
appear nearly black. Like potassium perchlorate, it is much more 
soluble in hot water than in cold, but its solubility at room 
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temperature, about 50 gm. j)er litre at 12*^, exceeds that of the 
perchlorate. 

When heated above 200"’, potassium permanganate yields a 
manganite and oxygen. The best ec|uation is: 

4KMn04“2K2Mn03-f-2Mn02d-30o f , 
but at higher temperatures furtlier changes take ])lace. 

Permanganates are powerful oxidizing agents ot somewhat 
complex behaviour. The oxidation ])otenfial of the change 
MnC),/-~>Mn04'' is o*6t volt, so that chlorine can easily oxidize 
manganates to ])ermanganates. 'i'he reverse change is of little 
]iractical significance, Ix^i'ause in the alkaline solutions in which 
manganates are alone stabl(‘ the reduction of permanganates 
proceeds further and leads to the precipitation of manganese 
dioxide. It is, liowever, possible to convert a f)ermanganatc to 
a manganate by boiling it with concentrated caustic alkali, or by 
Jieating the solids together, when oxygen is evolved: 

4Mn04'+40H -4Mn04"+02 1 + 2 II 2 O. 

If the alkali is dilute the dioxide is precipitated instead. Usually, 
howxwer, the oxidizing action of ])ermangaiiate solutions follows 
one of two courses: 

(i) in neutral or alkaline solution: 

2Mn0/+H20=2Mn02| + 20 ir+ 30 ; 

(ii) in acid solution: 

2Mn04'+3U20-2Mn ■+60H'+50. 

The oxidation jiotcntial of both reactions depends greatly on the 
hydrogen ion concentration of the solution. In a solution normal 
in permanganate and in acid the second clumge has a potential of 
1-52 volts, sufficient, that is, to oxidize a chloride solution to chlorine. 
While these concentrations arc higher than would be met with in 
volumetric analysis, or than stability allows, it is nevertheless 
imprudent to use pennanganate in hydrochloric acid solution for 
this work, for unless the dilution is very great some permanganate 
may be consumed in the libeiatioii of chlorine. Solid potassium 
permanganate causes a rapid evolution of chlorine from concentrated 
hydrochloric acid in the cold. 

In volumetric analysis potassium permanganate can be used for 
a great variety of estimatiems, and on account of the intense colour 
of its solutions no indicator is required, though in alkaline solution 
the precipitated manganese dioxide is apt to obscure the end-point 
unless steps are taken to coagulate it at the bottom of the vessel. 
Permanganate solutions are affected by light, and unless kept in 
blue bottles suffer a slow alteration in composition; they are also 
easily reduced by rubber or other organic substances, so that 



770 THEORETICAL AND INORGANIC CHEMISTRY 

burettes with glass taps should be used. Among the most important 
oxidations with permanganate used in analysis are the following* 
oxalic or formic acids to carbon dioxide and water (carried out at 
Go*^') , ferrous salts to ferric salts, ferrocyanides to ferricyanides. With 
hydrogen peroxide in acid solution mutual reduction takes place: 

2Mn04' + 5H202=^2Mn'*4 5O. f +b0H'+2H20. 

Neutral manganous solutions react with permanganate on warming 
to precij)itatc manganese dioxide: 

2Mn04'+3Mn‘'+2Ho0~5Mn02 1 +4!!*. 

This is Volhard’s titration. To coagulate the manganese dioxide 
zinc sul])hate is added to the liquicl, whose hydrogen ion con- 
centration also needs careful control. 

Permanganates arc also used in bleaching, and as antiseptics. 


Rhenium 

Re = 186*22. Ato 7 mc 7 iumhcr, 75 

This rare element, discovered in 1925 in Norw’cgian 77 wlyhdenifc, 
is now extracted from spelter residues. In its valency relations it 
resembles manganese, though the valency of seven is more con- 
spicious in rhenium. The density is 21*4, and the melting-point 
(3137^') is exceptionally high (cf. tungsten, 3370®). Like the adjacent 
elements tungsten and osmium, it can be made into filaments, and 
with its greater electrical resistance it may perhaps re])!ace tungsten 
in lamps. The oxides RcgO^, Re02, ReOg, and Re207 are knowm. 
The heptoxide, obtained by burning the metal, melts at 304° and can 
easily be distilled: it has no oxidizing properties. It is extremely 
soluble in water, forming a strong acid from which the colourless 
perrhenates arc derived. These are less easily reduced than the 
permanganates. Poiassmm perrhenatc, KRCO4, is slightly soluble 
in cold water (12 gm. per litre) ; sodium perrhenate is freely soluble. 
The dioxide is obtained by hydrolysis of the tetrachloride or by 
oxidizing the metal in oxygen at low pressure. All the oxides 
are easily reduced to the metal. The highest known fluoride and 
chloride are ReFg and ReClg, both made by direct combination, but 
rhenium forms a volatile oxychloride, ReOgCl, in wFich its valency 
is seven. The sulphides resemble the oxides in formula, and the 
heptasulphide Re2S7 is precipitated by hydrogen sulphide from 
strongly acid perrhenate solutions. 

The volatile heptoxide and oxychloride have been used in the 
determination of the equivalent. 
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GROUP VIII 

IRON. COBALT, NICKF.L, RUTHENIUM, RHODIUM, PALLADIUM, 
OSMIUM, IRIDIUM, PLATINUM 
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TlllC TkANSIIION Rj-hMliNTS AND GkoUD VIII 


It will 1)0 seen from the diagram of the transition elements, in whicli 
Group VII 1 , to whicli the term is sometimes restricted, is enclosed 
by a dotted line, that the gruuj) differs in structure from all others 
of the jieriodic table. Some of the physical properties of Group VIII 
elements are shown in the table below; it will be observed that the 
atomic weights of cobalt and nickel lie out of order (p. 318). 
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Some I^hysical Properties of Group VIII Elements 


These elements arc all metals of high melting-point, arranged in 
three characteristic ‘ triads.' Since they bear a marked relation- 
ship not only to each other but to the adjacent transition elements, 
it will be convenient to consider here one or two characteristics 
of the group as a whole. The atomic volumes of the transition 
elements and of the elements in the B subgroups of Groups I and II 
are shown in Fig. 146, from which it will be seen that the Group VIII 
elements all have similar values between 67 and 9*0 and occupy 
minima in the series. 


771 
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The electronic structure of the atoms of the i8 elements between 
K (Z — iq) and Kr (Z=36) inclusive results from the filling of the 
electron group IV (cf, diagram on p. 347), after the completion of 
the argon core (2, S, 8) in the preceding lighter elements. Experi- 
mental spectroscopic evidence, as well as modern theory of atomic 
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structure, show that this fourth electronic group is composite, and 
can be subdivided into three subgroups, wliich, following the 
spectroscopic nomenclature (4s, ^d, and 4^), we shall call s, d, and p. 
The inaxiinurn electronic contents are: s, 2 \ d, 10; p, b, making 18 
in all for the whole group. The bonding energies of the electrons 
in the three subgroups are similar, justifying their inclusion in one 
main group. The detailed order of filling of the subgroups, which 
is not quite regular, is shown in the following table: 
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up to and including Mn all the electrons in both subgroups s and 
d contribute to the maximum valency. When, liowever, the sub- 
group d is half-filled, i.c. at Fe, most of its electrons abruptly cease 
to be available for valency purposes, and the production of stable 
compounds. From Fe onwards only one of tlic (‘lectrons from sub- 
group d is so used, as is indicated by the parentheses in the table. 
In the unstable ferrates (p. 7(S5) iron is probably sexivalent, and we 
see the vestiges of the use ol more than f)ne electron from siil)group 
d. The six elements from Ga (Z 31) to Kr (Z- ^h) are formed by 
tlu' lilling of the subgroup />, which remains empty until Ga is 
reached. The similarity in the bonding energies of electrons in 
subgrouiis s and d is resjionsible for the very variable valencies ot 
the elements from Ti to Mn, for the valency actually exerted will 
depentl mainly on whether the chemical environment of the atcmi is 
reducing (tending to add electrons) or oxidizing (tending to remove 
electrons). 

The transition elements are all metal.N, usually with high mi'lting- 
])oints, of variable valency, d'hi'ir compounds are usually cnloured, 
and they have the high catalytu activity associated with variable 
valency. In Grou]) VIJT the metals, with the exce])tion of iron, 
are all noticeably resistant to oxid.ation or chemical attack. Iron, 
cobalt, and nickel are more electropo.sitive than tlie rc\st, and also 
moie abundant. The great abundaiu'e of iron and its comjiarative 
susccjitibility to corrosion mark it out Irom the rest. Excluding 
these threx* medals, it will be noticed that thi‘ remainder are all 
scarce and negligibly electropositive (low atomic voliimi'). Con- 
stMjuently most of their halides are insoluble in wat(T (compare 
sib'cr and gold), or dissolve in it to form complexes with the metal 
in the anion. 

'fhe valencies throughout the group are very variabli', and the 
study of the compounds of these elements is a fascinating but 
('om plicated ])roblem. They may be classified either horizontally 
or vertically; we shall adopt the horizontal classilication, but 
frequent allusion will be made to vertical comparisons. Higher 
valencies become more marked as we move from right to left or 
from top to bottom; thus nickel is seldom other than bivalent, 
while osmium disjdays tlu' highest valency — eight — of any element 
m a binary compound. Throughout the group the stability ot 
various valencies dejiends greatly on com])lex formation, tor which 
all Group VI II elements have a conspicuous aptitude. Several 
complexes will be discussed later on, but we may mention here the 
complex bivalent cations wdiich the first long-period elements 
form with ammonia, which increase in stability from iron to copper, 
and the very important complex cyanides. With the elements of 
the iron column the most stable complex cyanide ions are those in 
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which the metal has an electrovalency of two — e.g. the ferrocyanides, 
Fe(CN)g""; with the cobalt column elements the cobalticyanides, 
Co(CN)f^"\ containing the tervalent metal, may be taken as typical , 
while with the nickel column the metal is bivalent again — e.g. the 
platinocyanides, Pt(CN)4". The study of the complex halides is 
also interesting, but rather less simple. Cobalt, rhodium, iridium, 
and platinum, and to a less degree the other elements of the group, 
are remarkable for the number and stability of their complex 
ammincs. 


Iron 

Fe“55-85. Atomic Number, 26 

History. — Iron may have been an Asiatic discovery'. It was 
certainly known in Asia Minor about 1300 B.c., for one of the 
kings of the Hittites presented an iron .sword to the celebrated 
Pharaoh of the Nineteenth Dynasty, Ramesks 11 . An iron tool 
was also found embedded in the masonry of the Great Pyramid at 
Gizeh, thus presumably dating from about 2900 b.c., when the 
pyramid was being built. Ancient names for iron are usually to 
be interpreted as ‘ the celestial metal ' or ‘ the metal from 
heaven,’ indicating that the first known specimens were of meteoru' 
origin. By the time of Solomon, the extraction of iron from its 
ores must have been well established, since about 2500 tons of the 
metal w('rc used in the construction of his tcmjile at Jenisalem. 
We read, too, that Nebuchadrezzar (about 600 b.c.) carried oh 
into captivity a thousand iron-workers from Damascus. 

Certain specimens of ancient Egyptian iron, when subjected to 
chc*niical analysis, were found to contain combined carbon, which 
suggests that they may have been made of steel. Ca.se-hardening, 
for .steel tools, is definitely known to have been in use in the .seventh 
century b.c., while the Indian steel employed for the celebrated 
Yemen blades was probably imported to Arabia as early as the 
fourth or fifth century B.C. 

The word ‘ iron ' is of Anglo-Saxon origin. Among the alchemists, 
the metal was known as Mars, from its supposed astrological con- 
nection with the planet. 

Occurrence and Extraction. — Irciii is the most abundant of the 
metals, with the single exception of aluminium, but the great 
difficulties which attend the extraction of aluminium, and which 
have been overcome only in recent years and in the treatment ol 
selected ores, have caused iron to be incomparably the more useful. 
Iron occurs principally as oxide or sulphide, but sulphide ores 
cannot conveniently be used for iron manufacture, though they 
are much used for making sulphur dioxide. The principal oxide 
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ores are haematite, FcgOgi limoniic, hydrated Fe^Og; and magnetite, 
Fc.,04. They occur in many parts of the world, some of the richest 
deposits being in the United States, Great Britain, Scandinavia, 
Belgium, Alsace-Lorraine, German}^ China, and Brazil. Not all 
of these, however, are 


worked, for the value 
of an iron ore depends 
on many factors be- 
sides its iron content, 
which should be at 
least 30 per cent. 
Cheap transport and 
cheap coal are essen- 
tial, magnetite re- 
quiring more fuel than 
the other ores. The 
physical properties of 
the ore are important , 
as a powdery ore can- 
not be w’orked in a 
blast furnace w’ithout 
preliminary treat- 
ment. The nature of 
the impurities must 
also be considered, 
as the presence of 
silicates, phospliorus, 
sulphur, or limcstoiu' 
wall influence the ex- 
traction process. The 
presence of coal and 
iron in adjacent dis- 
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tricts was one of the principal reasons for the industrial supremacy 


of Great Britain in the nineteenth century. 


The manufacture of iron by heating its oxide ores with carbon has 
been carried out since the beginnings of history, though the gene^ral 
use of iron w^as preceded by that of copper and bronze. In modern 
times the operation is carried out in a blast furnace. This is a 
firebrick tow^er cased in iron wliich may be one hundred feet high: 
it is fed with the ore mixed with coke and a flux to enable the im- 


purities in the ore to form a liquid which can be withdrawn from 
the furnace. The nature of the flux depends on the impurities 
present • if there is much lime an acidic flu.x like silica is added, if 
much silica, a basic flux like lime, so that the slag usually consists 
largely of calcium silicate. 
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The air required for the combustion of the coke is fed in near the 
bottom of the furnace through pipes, called tuyeres, or ' twycrs/ 
which project slightly into the interior. Just below the tuyeres is 
the slag-hole, though which the slag is discharged, and lower still is 
the tap-hole from which the molten rnctal is run whenever the level 
inside reaches nearly to the slag-hole. One of the greatest advances 
in the art of making iron was begun in 182S, when Neilson heated 
the air-blast before admitting it to the furnace. The heat of the 
furnace gases, which leave the furnace by a pipe called the ‘ down- 
comer,’ is generally employed for the purpose. These gases contain 
a considiTable proportion (about 24 per cent) of carbon monoxide, 
and arc burnecl, with the help of a further air-suy 3 plv, in a tower 
provided in.side with a brick chequer-work to absorb as much as 
possible of the liberated heat. When the temperature within this 
tower is sufficiently higli, the furnace gases are deflected into another 
similar structure and the air-blast is heated by passing it through 
the hot tower. In modern practice the furnace gases are used not 
only to heat the air-blast but to raise steam for power, and are even 
burned in combustion-engines for the same purpose. Progress has 
been made since the days when the gases burning at the open mouths 
of the furnaces lighted up the night countryside for miles around. 

The essential reaction in the furnace is the reduction of the iron 
oxides by carbon monoxide, c.g.: 

Since the reaction is reviTsible, and since it is important to ensure 
complete reduction of the ore, conditions have to be such that the 
carbon monoxide is in considerable excess. Hence the i)resence of 
such a high proportion of the monoxide in the gases that leave the 
furnace. 

The heat required to raise the mass to the necessary high tem- 
perature for this reaction is supplied by the heat of formation 
of the carbon monoxide from the coke and the hot air-blast. The 
process is continuous, and a furnace once lit need not be iriteirupted 
until the lining is worn out. The temperature in the neighbourhood 
of the tuyeres, where the metal is being melted, may reach 1200*^, 
but higher up the furnace the temperature falls and the issuing 
gases are at about 300°. 

The product of the blast furnace is called cast iron, or sometimes 
pig iron, from the * pigs ’ or ingots made by running it into moulds. 
It contains some 5 per cent of impurity, mostly carbon, but phos- 
phorus, silicon, and sulphur are also usually present. Large 
quantities of cast iron are used without further purification. As its 
name implies, it can be used for making casts, since it expands on 
solidification, but it is brittle, cannot be welded, and will not 
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sustain heavy loads. These difficulties can be overcome by the 
use of wrought iron or steel. 

Wrought iron is simply cast iron from which the impurities, 
particularly the carbon, have been almost entirely removefl. 
Wrought iron is tough, and before the invention of the Bessemkk 
process for making steel was 
of much greater importance 

than it IS now. It is made bv MoUen iron 

heating cast iron to a very r — ^ ( 

high temperature with iron — ■— — 1 

ore in a reverberatory fur- 

nace, such as that shown in 

the diagram. In this furnace I / / 

the heat is reflected from — pf: — — ' 

the roof and sides, and the Lining 

carbon and other impurities ticr i.j8 Revekbekaioey Ruenace 

in the cast iron are slowly 

oxidized by the oxygen of ihe ore. As the carbon is removed the 
melting-point of the iron rises and the metal, at first liquid, begins 
to ‘ bail together ' or solidify. It is stirred with long poles called 
* rabbles ’ inserted through an opening in the wall of the furnace not 
shown in the diagram. This operation, called ' puddling,’ is still 
carried out by hand, and the iron is finally removed from the furnace 

on the end of these poles: it is immedi- 
ately placed under a steam hammer and, 
while still hot, squeezed free from slag. 

^ Before the invention of the Bessemer 

T \\ converter in 1855 steel was made from 

\ wrought iron and carbon by a laborious 

A process which, moreover, on account of the 

!;v (j^)Axi 5 verv high temperature required, could be 

oy ^ applied only to small masses of metal at a 

\\ time. BessemiT conceived the idea of 

"' V J'j rapidly oxidizing the carbon and other im- 

C purities in molten cast iron by blowing air 

>-*'iniinating the puddling 
\ - ] enters and subsequent jirocesses. 1 he vessel in 

Fig 149 Bessemer which the oxidation is carried out is called 
CoNVERiEK a converter; modern examples are twenty 

or thirty feet high and have an internal 
diameter of about eight feet, holding thirty tons of mettil. The first 
converters were fixed, but modern converters can be tilted about a 
horizontal axis. They are filled with the tuyeres horizontal and the 
curved outlet pointing upwards; the molten iron is poured into it 
from a travelling ladle. The converter is then turned into the 


I Tuyeres 


Fig 149 Bessemer 
Con verier 
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position shown in the diagram and the air-blast is turned on at an 
excess pressure of some two atmospheres. The carbon is oxidized 
to carbon monoxide, which burns at the mouth of the converter, and 
other impurities are also removed as volatile oxides. In the earlier 
forms of the process phosphorus could not be removed, and it was 
necessary to work witii ores w-hich contained none. It was, how- 
ever, discovered that with a dolomite lining and a blast of more than 
usual duration a metal quite free from phosphorus resulted : this is 
called the * basic P>essemer process.' Hood, in his book Iron, tells 
the story of how the possibility of using a dolomite lining was dis- 
covered in 1878 by Thomas, clerk to the magistrates at the Thames 
police court, who had taken up the study c>f chemistry as a hobby, 
and who had had no practical experience whatever of the iron trade. 

The product of the 
process is tipped out of 
the converter, and is 
now called steel. Before 
the introduction of the 
converter the term 
‘ steel ' was applied to 
wrought iron to which 
some 2 per cent of 
carbon had been added. 
Modern steels may con- 
tain less carbon even 
than wrought iron, the 
term referring simply to 
metal which has been prepared in a converter or by the alternative 
processes. The proportion of carbon left in the iron depends on the 
duration of the blast. Bessemer found that if the blast was continued 
long enough to remove all the carbon, some of the iron was oxidized 
as well, and this quite spoiled its properties. Soon, however, the 
discovery was made that if manganese was added, nearly all the 
carbon could be oxidized without any oxidation of the iron, and this 
discovery contributed much to the supremacy which the Bessemer 
process so long enjoyed. That process, however, is by some now 
considered to be obsolescent, and is menaced on the one hand by 
the Siemens open-hearth process and on the other by the electric 
furnace. 

The open-hearth steel furnace was introduced at a comparatively 
early date. Cast iron is melted with ore and a flux, usually lime, 
on a lining which may be either silica or dolomite, the source of 
heat being burning pre-heat cd producer-gas. An intensive system 
of heat regeneration is required to reach the high temperature 
necessary, and is an essential part of the plant. The furnace is 
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sometimes made reversible; that is to say, the air and producer -gas 
are led into it through brick chequer- work which has just been heated 
by the issuing gases. The open-hearth furnace differs from the 
simple reverberatory type in the source of heat, the provision of 
a heat-regeneration system, and the use of a flux. This flux forms 
a slag which floats on the surface of the steel and protects it from 
the oxidation which would otherwise take place. The manufacture 
of steel in this furnace takes longer than in the Bessemer converter, 
but it is more easily controlled and the product is more uniform in 
composition. The addition of deoxidizers such as ferro-manganese, 
ferro-titanium, or aluminium scrap effects a great improvement in 
the quality of the steel. 

'I'he electric furnace luis been applied to steel manulacture in 
comparatively recent times, and its use is said to be increasing. 
Several types are in existence, the current being usually conveyed 
to the metal by carbon electrodes. The chief advantage of all 
such furnaces is the very high temj)erature that can be reached. 

Carbon-containing steels contain the carbon partly as cementite, 
a carbide of iron with the fonmila FcgC. The heat treatment of 
steel is intimately connected with the changes undergone by iron 
on heating or cooling, and belongs to the science of metallurgy 
rather than to pure chemistry. 

Special Steels. — The greatest development of modern metallurgy 
has been in the production of alloys. Modern high-speed machinery, 
particularly of the reciprocating type, reejuires metals of great 
toughness, tensile strength, and resistance to wear, and the manu- 
facture of special steels for these purjioses has become an industry 
of the highest importance'. Some special steels are mentioned 
below, others in connection with the metals that they contain. 

Steel for High-speed Tools. — This steel must be cajiable of standing 
high temperatures without softening. A typical specimen contains: 
tungsten 15 per cent, chromium 4 per cent, vanadium i per cent. 
The tungsten is sometimes replaced by molybdenum in smaller 
quantity. The steel is heated to about 1300'' and (|uenched in oil. 

Steel for Constructional Work, e.g. bridg<‘s.— The necessary strength 
is obtained by the use of 3 per cent nickel, i per cent chromium, and 
sometimes small quantities of manganese and vanadium. Such 
steels are also used for the frames of motor cars. 

Steel for specially Hard Wear.—Voi the jaws of rock-crushers, 
for rails on sharp curves, for steel helmets, and for similar purposes, 
a steel containing about 10 per cent of manganese is used. 

Stainless Steel. — This is used for cutlery. It contains 12 per cent 
of chromium. 

Steel for Reciprocating Machinery. — These steels contain chromium 
and vanadium in very variable proportions. 
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Steel for Permanent Magnets . — Such a steel may contain 30 
per cent of cobalt. Stainless steel is also suitable for the purpose. 

Properties. — The physical and even the chemical properties of 
iron are profoundly modified by the small quantities of carbon 
and of other impurities which the commercial substance usually 
contains, and the product of large-scale metallurgical operations is 
not suitable for the investigation of the properties of the ynirc 
clement. This is best prepared either electrolytically or by reducing 
in a current of hydrogen any oxide of iron, or such a salt as ferrous 
chloride. For electrolysis ferrous sulphate may be used in the 
bath, but the hydrogen ion concentration must be caiefully con- 
trolled. In strongly acid solution hydrogen is produced, and even 
a slightly acid solution might lead to occlusion of hydrogen in the 
cathode, while excess of hydroxyl ions produces a precipitate ot 
ferrous hydroxide. The bath is therefore buffered by the addition 
of magnesium sulphate, which precipitates magnesium hydroxide 
in alkaline solution, and sodium hydrogen carbonate, which prevents 
any accumulation of hydrogen ions. Oxidation by the air must 
be avoided by carr5dng out the electrolysis in an atmosphere of 
carbon dioxide, or by leaving intact the layer of ferric hydroxide 
which collects on the surface of the liquid if the operation is carried 
out in the air. The anode is made of wrought iron, and the cathode, 
which is kept in rotation, of platinum or copper. 

Pure iron has properties very different from those of the com- 
mercially more important alloys which may differ from it only 
slightly in chemical composition. It is a white metal which melts 
S'! 1533° boils at 3235°. The density is 7-9, and the metal is 
soft, ductile, and malleable; it can be obtained in the form of fairly 
large cr^-stals, but this is not easy. Solid iron exists in three, or 
possiblv four, allotropic modifications, the stability ranges being 
as follows: a-, up to 769'^; /3-, 709^ to 928°; y-, 928° to 1404^; S-, 1404° 
to melting-point. Of the transition-points that at 928° is the most 
conspicuous, and the transformation of y- to j8-iron gives out so 
much heat that a wire which has been strongly heated and then 
allowed to cool slightly below the temperature of redness suddenly 
glows brightly as the transition temperature is reached, a pheno- 
menon to which the name ' recalescence ' has been given. Most 
of the physical properties of pure iron show a discontinuity at this 
temperature. X-ray examination has shown that the transition 
from )S-iron to y-iron is accompanied by a change in the crystal 
structure. 

Like many other metals, iron is permeable to hydrogen, and under 
suitable conditions will occlude quite large volumes of the gas. 
Nascent hydrogen will pass through sheet iron even at ordinary 
temperatures, and ordinary hydrogen will pass through the metal 
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at higher temperatures, say 800 or over. This has caused serious 
difficulty in plants in which hydrogen at high pressures and 
temperatures has to be kept in iron vessels — e.g. in factories 
working the Haber-Bosch process. 

Since the standard electrode potential of iron is —0-44 volt, it 
will not dissolve to any appreciable extent in pure cold water. In 
the presence of oxygen and water iron is, however, more or less 
rapidly corroded, with the ff)rmation of a loose brown mass of 
hydrated ferric oxide, called ' iron rust.' It can be shown experi- 
mentally that neither pure water nor pure oxygen is alone sufficient 
to cause corrosion, but it is still an open (piestion whether iron will 
rust in aerated water from which all traces of carbon dioxide have 
been excluded. Experiments in which the surface of the metal 
and the apparatus are washed with alkaline solutions are incon- 
clusive, since it is definitely knowai that iron will not rust under 
caustic alkalis. A certain concentration of ferrous ions in the 
solution is presumably necessary to the formation of rust, and since 
the solubility of iron in aqueous solutions depends chieflv on their 
hydrogen ion concentration, it is not surpnsing that the metal 
should remain untarnished under caustic alkalis. There is, how- 
ever, no doubt that the increase in the hydrogen ion concentration 
brought about by the pre.sence of carlxni dioxide causes the attack 
on the metal to be much more rajiid in natural fresh water than in 
pure distilled w^ater containing air but free from carbon dioxide. 

Many metals, such as aluminium (standard electrode potential 
'-1*66 volts) or zinc (—076 volt), wdiich are more electropositive 
than iron, are yet far more resistant to the action of water. The 
explanation is probably that iron rust is a porous substance which 
offers no protection to the metal beneath it, while the oxides of 
aluminium or zinc, when present ni quantities so small as to be 
invisible to the eye, form a coherent coating which prevents any 
further attack. 

Iron is readily soluble in dilute acids, with the formation of ferrous 
salts and hydrogen. The marked odour of the gas obtained from 
acids and commercial iron must be attributed to impurities in the 
metal, and is altogether absent if the jiurest iron is used. Even 
faintly acid solutions — e.g. solutions of ammonium .salts — will 
dissolve iron without difficulty. The action of nitric acid is very 
complicated. If the acid is extremely dilute, ferrous nitrate is 
formed and some of the nitric acid is reduced to ammonia, which 
forms ammonium nitrate. No gas is therefore evolved: 

4Fe-|-ioH -f-N03^=4Fe +3H2O. 

As the acid growls rather more concentrated, ferric nitrate is the princi- 
pal product, and gas is evolved; with acids of various concentration. 
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nitrous oxide, nitric oxide, nitrogen dioxide, and ammonium 
salts may all be produced in varying proportions. Concentrated 
nitric acid has no action on iron, which when placed in this liquid 
is said to become ‘ passive.* It has already been explained 
(p. 423) that this is due to a skin of oxide which covers the metal. 
Iron is unaffected by cold alkaline solutions, which protect it from 
corrosion, but it is attacked by boiling concentrated alkaline 
solutions, or by fused caustic alkali. 

Pure dry oxygen begins to attack iron at about 150°. At first 
the action is limited to the production of very thin films of oxule 
which produce interference-colours on the surface of the metal. 
These colours are used by workmen to estimate the temperatures 
reached during the heat treatment of steel. If heated to a higli 
temperature in oxygen, iron can be made to bum, but the tempera- 
ture necessary depends chiefly on the state of subdivision. Iron 
wire or iron gauze will burn in oxygen if ignited with burning 
sulphur, or even in air if healed in a Bunsen flame, while the iron 
powder obtained by reducing iron compounds in hyilrogen is 
pyrophoric at ordinary temperatures. All forms of iron will reduce 
steam with the production of ferrosofcrric oxide: 

3he-| 4H20;F^h 6 ^ 04 + 4 ^ 2 » 

and though the equilibrium can be but little affected by the physical 
condition of the metal, yet the rapidity with which equilibrium is 
reached is greatly influenced by this factor: iron powder reacts on 
gentle wamiing, whereas iron lumps show no measurable action 
below 300° or .^00'’. 

Iron reacts with the halogens when gently heated with them, and 
is strongly corroded by chlorine at the ordinary temperature. 

Oxides and Hydroxides. — In addition to ferrous oxide, FeO, 
and ferric oxide, h'e.203, an oxide of intermediate formula, 1^6304, is 
known. All these oxides can be obtained in the hydrated state. 

Ferrous oxide, FeO, can be obtained only with difficulty in a state 
of purity, as it is easily reduced to the metal or oxidized to ferric 
oxide or ferrosolerric oxide. It can be prepared by careful oxidation 
of the metal— e.g. by exposing the amalgam for some time to the 
air — or by reducing ferric oxide with pure carbon monoxide at a 
temperature which must not rise much above 500°. The ignition 
of ferrous oxalate in an inert atmosphere yields a pyrophoric 
mixture of iron and fenous oxide. 

The properties of the oxide depend on its state ot division. If 
finely powdered it will bum readily in the air and decompose 
boiling water, liberating hydrogen and forming ferric hydroxide: 

2FeO-[ 4H20-:2Fe(0H)3+H2 1 . 

It is soluble in acids. 
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Ferrous hydroxide, Fc(OH)2, is obtained as a colourless precipitate 
by the addition of caustic alkalis to ferrous solutions. As it is 
rapidly oxidized by the air, turning first green then brown, it must 
be prepared in an inert atmosphere and with solutions from which 
all dissolved air has been removed. Oxidation proceeds so 
vigorously that if expc)sed to the air the hydroxide may become 
incandescent. Like ferrous oxide, it is soluble in acids and will 
liberate hydroga^n from boiling water. Unlike ferric hydroxide, 
ferrous hydroxide is a strong base without amphoteric properties. 

Ferric oxide, FcoOg, occurs plentifully in nature as haematite or 
specular iron ore. In the laboratory it can be prepared by heating 
the easily obtained ferric hydroxide, or by roasting almost any 
com]:)ound of iron in air or oxygen. Iron pyrites is used for this 
purpose on a very large scale in the manufacture of sulphur dioxide, 
though its place has in recent years bc'cn partly taken by American 
sulphur. The reaction is- 

4h'eS2 fnOo- SSCL 

and the residue of ferric oxide is used as a source of other iron 
compounds, as a catalyst, or m smaller quantities as a red jngnient. 

Ferric oxide is a red substance which melts at 15^5“ and dissolve^ 
only with difTicuIty in acids. Its magnetic properties aie very 
weak. It can be reduced to the metal with hydrogen, or by carbon 
monoxide at high temperatures, but at 500'’ carbon monoxide 
y^roduees ferrous oxide. Wlien very strongly heated, ferric oxide 
loses oxygen and forms ferrosoferric oxide, Fe.{04. It was formerly 
used as a catalyst in the contact process for suly^huric acid,*with 
cupric oxide as promoter, but it has now been largely superseded 
by vanadium comyxounds. Ferric oxide also catalyses the reaction 
between carbon monoxide and steam, now of technical importance: 

CO-l-ILOv^CO, 1 H 2 . 

Ferric hydroxide, Fc(OH)3, is produced as a brovMi precipitate 
when caustic alkalis are mixed with cold ferric solutions. By 
prolonged boiling, a red compound with the corny position FegOg.HoO 
is obtained. Both these substances readily dissolve in acids to 
form solutions of ferric salts. Ferric hydroxide so readily adsorbs 
substances from the solutions in wliich it is })rccipitated, and retains 
them with such tenacity during washing, that it is best to use the 
volatile precipitant aqueous ammonia, which can be expelled 
from the j:)roduct by heating. Ferric hydroxide is easily obtained 
in colloidal solution. It is a weak base and is produced by the 
hydrolysis of ferric salts; thus if a few drops of a solution of ferric 
chloride are added to a large volume of boiling distilled water, a 
deeply coloured yellow, brown, or red solution is obtained from 
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which hydrof^en chloride can be removed by dialysis. When 
prepared in this way, ferric hydroxide is a positively-charged 
colloid easily coagulated by electrolytes, particularly those coji- 
taiuing multivalent anions such as sul]diates, but it can also [)e 
])re|)ared as a negative colloid. 

The precipitation of ferrous and of ferric hvdroxide is pre- 
vented by the addition of certain hydroxylic substances, such as 
glycerol or tartaric acid, with which the lerrous and ferric ions form 
comf)lexes (compare aluminium). I'he precipitation of fenous 
hydroxide with ammonia is also prevented by the presence of excess 
of ammonium salt, which represses the dissociation of the ba^c'. 
Ferrous ions form a complex (Fe.GNHjj)" with ammonia, but no 
corresjxniding complex of ferric ions is known. 

Ferrites. — Thc'se substances are derivatives of ferric iron, not 
of ferrous iron, as the naiiK' might suggest, and may contain the mu 
FeOo'. Tiu'v are obtained by luxiting ferric oxide with aiioflier 
metallic oxide or hydroxide, e.g. : 

Fe.p3-f2Na0H-2NaFe02-fH20, 

or bv adding caustic alkali to a mixed solution of a ferric and anothei 
salt and igniting the hydroxide precipitate so obtained. The 
ferrites are either insoluble in water or, like sodium huTitc, de- 
composed by it into the constituent bases. Sodium hrrite is 
used in one process for the manufacture of caustic soda (p. 

'fhe hydrated ferric oxide obtained by the decomposition of this 
substanc(‘ has the composition FeO(OH), or hc^Oa-IloO, identical 
111 constitution with the mineral gocthitc. Sodium ferrite ( an, how- 
ever, exist in concentrated alkaline scjlution, and is usually prc'pared 
by heating ferric oxide with concentrated caustic soda. 

Ferrosoferric oxide, Fe^O,, can be prepared by heating the jirecipi- 
tato which caustic soda produces in mixed ferrous and ferric solu- 
tions. It is a black solid, melting at 1527'', which occurs in largt' 
quantities in nature as the mineral magjictitc. It is the most stable 
oxide of iron at very high temperatures, and may be prepared by 
heating ferric oxide to 1500° or over. It is also produced by the 
balanced actiem between iron and steam, or by burning iion in 
oxygen, but if subjected to prolonged heating in air or oxygen at 
about 1300'^’ it is converted to ferric oxide. 

It is much more strongly magnetic than the other oxidt^s of iron, 
and in the natural form has been called ‘ lodcstone * ; it is also 
known as magnetic oxide of iron. Although composed of the simple 
ions Fe", Fe'*’, and O", the oxide is insoluble in dilute acids and 
dissolves only slowly in concentrated acids to give a mixed ferrous 
and ferric soution. The action of caustic alkali on such a solution 
produces a precipitate which has the formula 2Fe304.3H20, and 
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from wliich the water can be removed by heating. This precipitate 
is soluble in acids, and from the solutions salts such as FcaClg.iHHoO 
can be obtairu'd. The}^ are probably complex salts, e.g. Fe(FeCl4)2. 

Ferrates, winch contain the anion Fe04", may be regarded as 
derivatives of the unknown iron trioxide, FeOg. They arc more 
stable than the ferrites, since solutions of the soluble ferrates (e.g. 
those of the alkali-metals) can be kept for several days, and the 
insoluble barium ferrate can be boiled with water without decom- 
])osition. 'riiey are, however, decomposed even by the most dilute 
acids, yielding a ferric salt and oxygen or an oxidation-product of 
the acid anion — e.g. chlorine from hydrocliloric acid. Ferrate 
solutions ar(' dt‘cp red in colour. 

Potass'iuw ferrate, K2Fe04, is prepared by the action of oxidizing 
agents siK.h as ozone, chlorine, bromine, or hypochlorites on a 
suspension of ferric hydroxide m aqueous caustic ])otash: 

2h'('(0H)3+40H'+30--2Fe04'M 5H2O. 

The solid salt can bt^ obtained by cooling the solution: it forms 
black crystals which are isomorphoiis with potassium sulphate or 
potassium chromate. Sodium jerrate, NagheOi, can be ])repared 
in a similar fashion, 01 by heating ferric oxid(‘ with sodium per- 
oxide and extracting the product with water. Bariurn ferrate, 
BaFe04.HoO, is obtained as a purple prcciputate by tlie action 
of soluble fenates on barium solutions. 

It is somewhat surprising in view of the relative stability of 
chromates and permanganates, in which the metals immediately 
] acceding iron display their highest valencies of six and seven 
respectively, that ferrates, in which iron exhibits a sexivalency, 
should be so unstable. The cause of this abrujit change may he in 
the stability of the half-filled 3c/ group of electrons, wJiicli is reached 
ill manganese (see also p. 773). 

Nitrides. — Of the various nitrides of iron which have been 
described, the most important has the formula FcgN. It is a grey 
solid prepared by heating eitlier the metal or ferrous chloride or 
bromide in a current of ammonia, and when strongly heated 
decomposes into its elements. If heated in hydrogen the nitride 
undergoes a reversible reaction : 

2Fe2N -}-3H3^2N I Ig - 1 4h e. 

It is readily soluble in acids, from which it liberates hydrogen, 
leaving a ferrous and an ammonium salt: 

2Fe2N *f loFF =2NH4* H-4Fe** +H2 1 • 

The formulae of FcgN and Fe4N, which latter is formed by heating 
FegN to 600°, have been confirmed by X-ray analysis. 
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It has recently been discovered that certain steels can be given a 
very hard surface simply by heating them to 500° in ammonia 
The hardness is due to a thin coating of the nitride. 

Salts of Iron . — Iron forms two series of salts, the ferrous salt';, 
in which it is bivalent, and the ferric salts, in which it is tervalent. 

hT:iiROUS Salts. — The action of acids on iron always produces 
ferrous solutions, unless the acid is an oxidizing agent, or unless 
oxidation by the air takes place. Ferrous salts are also easily pre- 
])ared by reduction of ferric salts with iron or any other suitabk' 
reducing agent. They are isomorphous with the salts of many other 
bivalent metals, such as cobalt, nickel, copper, magnesium, calcium, 
zinc, cadmium, chromium, or manganese. Their solutions are prac - 
tically colourless, and any green tinge indicates the presence of 
ferric salt. Unlike ferric hydroxide, ferrous hydroxide is a strong 
base, and ferrous solutions arc scarcely hydrolysed. The carbonate, 
oxalate, sulphide, and phosphate are insoluble in addition to tlu' 
hydroxide. The ferrous ion forms a not very stable complex 
ion (Fe.fiNHg)" with ammonia, and an exceedingly stable comj)lcx 
with cyanides — the ferrocyanide ion, Fe(CN)6"". It also forms 
complexes with many hydroxylic organic compounds. The com- 
plex ion Fe(C204)2" which the ferrous ion forms with oxalates ha>‘^ 
probably the chelate structure: 

C0~0. .0-~-C0 " 

I >ef( I 

( 0 — 0 / ''O— CO 

With dirnethylglyoxime ferrous .solutions produce a pink colour: 
this is a very sensitive test for the metal. 

Simple ferrous compounds arc .strongly paramagnetic, but com- 
plexes containing ferrous iron such as the ferrocyanid(\s are dia- 
magnetic. 

Ferric Salts are prepared by the action of oxidizing agents on 
iron or on ferrous salts. The hydroxide is a weak base, and the 
hydrolysis of ferric solutions is considerable. As ferric hydroxide 
is extremely insoluble in water, the hydrolysis is an irreversible 
process and varies with the age of the solution, so that in measuring 
it it is difficult to get concordant results. At 25°, a solution of a 
ferric salt of a strong acid is 50 per cent hydrolysed at a dilution 
of about M/ioo; ferric solutions are much more hydrolysed than 
aluminium solutions under similar conditions of dilution and 
temperature. The ferric ion is colourless in solution or possibly 
faintly violet, but this colour is to be seen only in acid solutions 
of the salts of the strong oxyacids, such as the sulphate, nitrate, or 
perchlorate. Other solutions have the yellow or brown colour of 
the colloidal ferric hydroxide produced by hydrolysis; this colour 
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usually becomes deeper with age, but is diminished by addition of 
the strong oxyacids. In the solid state anhydrous ferric salts 
are colourless, yellow, or brown. 

Some tcrric salts, such as the chloride or bromide, resemble the 
corresponding compounds of aluminium in being chiefly covalent. 
The ferric ion has a very noticeal)lc tendency to complex formation, 
which, if we exclude the fcrrocyanides, is much less conspicuous 
in the ferrous ion. It does not ap])e'ar to form any complex with 
ammonia, but wath cyanides it produces the exceedingly stable 
ferricyanidi^ ion, P'e(CN),/", with fluorides the very stable ion, 
FcFq'"', and also forms v-arious stable anions with pyrophosphates 
and orthophosphates, as well as complexes, probably chelate in 
character, with hydroxylic organic compounds such as mannite. 

'Ilie principal insoluble salts, in addition to basic salts, arc the 
sulphide, orthophosphate, and arsenate. 

The Ferrous-Ferric Equilibrium. — The oxidation potential 
of the change Fe'''->Fe“ is 0*77 volt. Ferrous solutions can be 
oxidized by the air according to the ecpiation: 

4Fe *-| 0.,+2H,0--4Fe’”+40H'. 

but at room temperature and in neutral or slightly acid solution 
the velocity of the reaction is negligible. It is probably a hetero- 
geneous reaction which takes place on the walls of the vessel, and 
it can be catalysed or ‘ induced ' by the simultaneous atmospheric 
oxidation of arsenites, phosphites, or other reducing eigents. It is 
accelerated by strong acids, and still more so by alkalis. The 
reduction of ferric solutions is also easy, and can be earned out with 
copper or any less electronegative metal, or even by shaking the 
solution with charcoal. Finely-divided iron, sulphur dioxide, 
hydrogen .sulphide, and stannous chloride are other reducing agents 
frequently employed. Oxidations by ferric ions are often seiusitive 
to light. 

The powerful reducing properties of ferrous salts in alkaline 
solution — that is, of ferrous hydroxide — are due to the extreme 
insolubility of ferric hydroxide, whose solubilit3^-product is 
as compared with lO"^'* for fernms hydroxide. The equilibrium: 

4Fe(OH)2 1 -f 02+2H.20^4Fe(0H)3 | 

is therefore overwhelmingly in favour of the ferric compound. The 
equilibrium between ferrous and ferric ions is also greatly modified 
if anions are present with which ferric ions form complexes — c.g. 
fluorides or phosphates. As these considerations are of fundamental 
importance m the chemi.stry of iron, some examples will be given of 
tlie ferrous-ferric equilibrium in various media: 

Hydrogen . — In the absence of a catalyst ferric solutions are 
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reduced by gaseous hydrogen only with extreme slowness, but in 
the presence of platinum or palladium the action is fairly rapid: 

2Fe*‘ ' + H2->2Fe’ ' + 2H’ . 

Ferrous hydroxide, however, can be made to reduce water to 
hydrogen (palladium chloride catalyst): 

2Fe(OH)2 j +2H20-^2Fe(0H)3 j +H 2 f • 

Nitrates . — Ferrous salts are not oxidized by nitrates in cold 
neutral solution, but ferrous hydroxide will reduce nitrates to 
ammonia. 

Iodides . — The standard electrode potential of iodine, +0-54 vcU, 
is less than the ferric-ferrous oxidation potential, so iodides are 
almost quantitatively oxidized bv ferric salts to iodine: 

2Fe“*-f 2r->2Fe'‘4 

The reaction is used in volumetric analysis, but if fluorides are 
present no satisfactory end-point can be reached. If excess of 
pyrophosphate is present the ferric ion concentration is reduced to 
such a degree that the reverse change takes place, and ferrous salts 
can be titrated with iodine in such solutions. 

Permanganates . — Oxidation of ferrous solutions with potassium 
permanganate is a weU-known operation of volumetric analysis: 

5Fe -f-Mn04^-|”3F[ -f-Mn -I-4H2O, 

but if hydrochloric acid is present the end-point is sometimes 
unsatisfactory. It can be much improved by the addition of 
phosphoric acid, which reduces the ferric ion concentration almost 
to zero. 

Dichromates . — The oxidation of ferrous salts by dichromate is 
also much used in volumetric analysis: 

6Fe' ’ + ^267" -f 14H* =6Fe” ' -f 2Cr ■ ” -f 7H2O, 
especially since it has been found that diphenylaminc can be used 
as a very sensitive internal indicator. This titration is also facili- 
tated by the addition of phosphoric acid. 

Copper Salts . — The standard electrode potential of copper with 
respect to cupric ions is 4-0*34 volt, so that in neutral solution 
ferric salts are quantitatively reduced by copper to ferrous salts: 

2Fe*'’4-Cu I ->2Fe"4-Cu”. 

However, the reverse change takes place in alkaline solution: 

2Fe(OH)2 1 4-Cu"4-20H'->2Fe(0H)3 | +Cu | . 

It excess of fluoride is present, ferrous salts will reduce cupric salts 
to copper even in acid solution, while in neutral solution a cuprous 
salt is produced: 


Fe”4-Cu**->Fe ’d-Cu’. 
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Silver Salts . — The standard electrode potential of silver is +o*8o 
volt, close to the ferric-feiTous oxidation potential, so, as might 
be expected, the precipitation of silver from solutions of silver 
salts by ferrous solutions reaches an equilibrium: 

Fe‘’ + Ag';:^Fe’"+Ag j . 


At room temperature the action is a slow one, and may take an 
hour or two to reach practical etpiilibriuin. 

Organic Anions . — The oxidation ol organic anions by lerric 
solutions is usually much inlluciiccd by light. With oxalates, 

the reaction is: .. * 

2he -hG/)^ 2re +2CO2 f . 


A mixed solution of a ferric salt and oxalic acid is perfectly stable 
at room temperature in the dark, though it decomposes on boiling, 
but if exposed to light it immediately begins to give off carbon 
dioxide even in the cold; the reaction is over in a few minutes. 
A similar reaction is made use of in the preparation of ‘ blue 
prints.' The paper is soak' d in a solution of the ferric salt of an 
organic acid and dried in the dark. It is then covxTcd with a 
drawing niadi' on transparent paper and exposed to the light. 
Washing in the dark with a solution of a ferricyanide then reveals 
the drawing in white lines on a background of prussian blue. 

Sulphides . — See ferric sulphide (p. 792). 


Carbonatks. 

Ferrous carbonate, FeCOy, is obtained as a white precipitate from 
ferrous solutions and carbonate solutions in the absence oi air. If 
a current of carbon dioxide is passed through the liquid, the 
precipitate dissolves to form a bicarbonate solution. 

Ferric carbonate is unknown, but a basic carbonate can be 
precijiitated from ferric solutions by carbonates. It is hydrolysed 
by boiling water into ferric hydroxide and carbon dioxide 


Halidks. 

Since the lerric-ferrous oxidation potential is 0-77 volt, and the 
standard electrode potentials of the halogens are: F +2 85, Cl 
-f- 1*358, Br 4-1-065, I 4’0*535 volt, it is clear that ferric iodide 
cannot exist in solution. Indeed it is unknown either in solution 
or in the solid state. Ferric bromide is stable in cold water but is 
decomposed on boiling. 

The ferrous halides are prepared by the action of hydrogen halides 
on the metal in the absence of air, either in solution or in the dry 
state. The bromide or iodide can be made from the halogen and 
the hot metal. Alternatively, the ferrous halides may be prepared 
by reducing the ferric halides, carefully, with hydrogen; on too 
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strong heating the metal is obtained. The ferric halides are made 
by the action of halogens on iron or on the ferrous halides, or In' 
the action of hydrogen halides on ferric hydroxide. 

The ferrous halides arc true salts highly ionized in solution; tb(' 
fluoride and chloride have high melting-points. The ferric halides 
are largely covalent. The fluoride, as is the case with other elements, 
differs somewhat in character from the chloride and bromide, but 
these two compounds either have low melting-points or decom])ns(' 
on heating, are partially hydrolysed by water, and dissolve in organic 
solvents: they resemble the hahdes of aluminium or chromium. 

Ferrous fluoride, FeFg, is a colourless solid which volatilizes at 
about Tioo": it is soluble in water. 

Ferric fluoride, h'eh'g, resembles aluminium fluf)ridc. It is fair’v 
volatile at about looo'', and the anhydrous salt is scarcely soluble 
in water, but hydrates have been prepared that will dissolve. 
The electrical conductivity of these solutions indicates that both 
dissociation and hydrolysis are very slight. Ferric fluoride is 
('onverted to ferric hydroxide by moist air ot steam, \\hth fluoride 
ions the complexes Feh^^j ' ' ' and F cF'^. H,/)" are form(*d, and nrdnyflito- 
ferrates containing these anions have been prepared in the solid 
state. The ferric ion concentration of fluoft‘rratc solutions is 
insufficient to give a red colour with thiocyanates. The fluoferrates 
of sodium and potassium are only slightly soluble in water, and 
sodium jhiofcrratc, Naylml'^, is obtained as a white precipitate when 
a ferric solution is mixed with a solution of sodium fluoride. 

Ferrous chloride, FeFl.^, whether in the solid state or in solution, 
is jicrfectly colourless if quite free from the ferric salt, but in the air 
the solid rapidly grows yellow and the solution green. It melts at 
a red heat and can be distilled at higher tem])eratures, the vapour 
density pointing to some association into double molecules; but at 
high temperatures these are completely dissociated into singlt^ 
molecules. Cryoscopic measurements in such organic liijuids as 
will dissolve the salt also indicate the simple formula. The 
anhydrous salt is very soluble in water, and readily forms h^'drat(‘s 
(of which the best known is the tetrahydrate, lmCl2.4ll20), and 
additi(m-conipounds with ammonia. It is also soluble in alcohol. 

Ferric chloride, FeClg, is usually made from chlorine and hot 
iron. Like aluminium chloride, it is decomposed by moist air, so 
suitable precautions must be taken in maldng it. The crystals 
of the anhvdrous compound, wdik'h are dark red (almost black) with 
a green reflection, sublime at 285°, and the liquid can exist only 
under more than atmospheric pressure. 'Fhe vapour consists almost 
entirely of double molecules at low temperatures, but on heating, 
dissociation into single molecules takes place, and on further heat- 
ing, fenic chloride dissociates into ferrous chloride and chlorine: 
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this dissociation is appmuiblo at 5oo'\ In orp^anic solvents feme 
chlorid(‘ has the simple formula. 

The anhydrous salt is delujuescent and forms s(‘vcral hydrates 
whose solubility relations ha\*e already Ix'en discussed (p. iji), 
as well as various addition-compounds with ammonia. The hydro- 
lysis of the solutions has been th(‘ object of much research. If 
dilute and freshly prepared, they are almost ccdourless, but tlu'v 
slowly become deep yellow or brown, while the colloidal solutions 
of ferric hydroxide obtainabh* with boilin:^ wat(T may b(‘ blood-ied. 
The electrical conductivity also increas(‘s with time. llydn)lysis 
alone is scarcely suriicient to ar'count for thesi' chant^e^^, as hydrolyses 
of this ionic type are nearly always rapi<l and mdee<l instantaneous 
jirocesses. It is probable that the pioy)erties of the solution are 
also influenced by slow chaiii^cs in tlie constitution of the colloid. 
The a(]ueous solutions certainly contain very l(‘w sim])lr ferric ions, 
but all combinations of lm“‘ with Cl' tioin ld'( 1 “ to h'et'l.j are 
probably ])iesent. The cUcai yellow ('oloin ot solutions m hydro- 
chloric acid is due to the r(‘ptession of hydrolysis and the formation 
of cianplex halide ions, such as FeCl4' and I'ef 'l,/" 

Ferric chl(»nde is \(Ty solubh' in many or|:;anic solvent'i A 
definite distribution -ratio (an be obtaiiH'd for it Ixdvveen (dlier and 
concentrated hydrochloric aedd, and with acid ol candully chosen 
concentration — about ()•(> molar - the ratio is so ^yieally in tayoiir 
of the ether layer that ctheu'al exti action has been used as a meth(jd 
of removin/:^ iron (.(.anpounds from mixtures with thosi* ol closidy 
related ehmients such as cobalt, d'he existence of sni'li a ratio is 
.strong c\’idence tor the imperfett dissociation ol i<.'rric chloride' in 
a(|U('ous solution, and may be contiasted with tlie behavumr of 
hulro^en chloride (p. 

With chloride's iernc ( hloride foinis salts calh'd cltJorofcrrate^, 
but as usual they are mucii less st.ible than the (omj)l(‘x lluondes 
and the coyalencv ol the iron may be less, d'he priiuapal anions 
arc FeCd/ and [lu'Cls-H./)]'' ; of the anion Fef'lf/", corresponding 
wdth FeFg'", only few’ salts have hitherto bc'cn prepared. 

Ferrous bromide, Fel^>i.^, is a yellow' crystalline substance lescan- 
bling the chloride. It may be prepared anhydrous by heating iron 
in bromine vapour to a temperatures sufficient to decompose any 
ferric bromide aiuJ cajoling in caibon dioxide. 

Ferric bromide, F(‘P>r3, may be ])re])aied by gently lu'ating iron 
in bromine vapour. On lu'atmg aloiu*, or on boiling the a(iueous 
solution, it decomposes into ferrous bromide and bromine. 

Ferrous iodide, h'el2, is made by union of the elena'iits. In tlie 
presence of water, tlu' reaction takes place in the cold w'ith the 
development of heat. The anhydrous salt is a grey solid melting 
at 177"^ ; it is deliquescent and soluble in water. Atmospheric 
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oxidation of the solutions leads to the separation of iodine, as 
ferric iodide cannot exist in solution. 

Sulphides. 

Ferrous sulphide, FeS, is obtained by precipitating ferrous 
.solutions with sulpliides, such as ammonium sulphide, in alkaline 
solution. In neutral solution precipitation is incomplete, and in 
ax:id solution no preciintation takes place. The hydrated sulphide 
obtained in this way is a black substance. The anhydrous substance 
is easily obtained by union of the elements at a red heat, or by heating 
iron in a current of hydrogen sulphide. It is a bluish-black substance 
with a high melting-])oint, but when heated in the air it readily 
forms ferrous sulphate, which decomposes on stronger lieating. 

I'he decomposition of ferrous sulphide by acids is olteii used, in 
Kipp’s apparatus or otherwise, for the pieparation of hydrogim 
sulphide, but if natural ferrous sulphide is used the gas obtained 
is far from pure. 

Ferric sulphide, FcoS-j. — Fenic ions can oxidize sulphide ions to 
sulphur: 2 Fe-+S'V 2 Fe--+S|. 

and ferric sulphide can be precipitated only from alkaline solutions, 
in which its solubility is too small for this change to take place. 
Thus the addition of a small quantity of ammonium sulphide 
solution to a solution of a ferric salt causes the precipil.ition of a 
mixture of ferrous sulphide and sulphur: 

2Fe’“-t 3S"“>2FeS | +S | , 

but if a little ferric salt is added to excess of ammonium sulphide 
solution, ferric sulphide is precijii fated: 

2Fe-**-|-3S"->Fc,S.,|. 

It is best prepared by passing hydrogen sulphide through a suspen- 
sion of ferric hydroxide in water, since such a solution cannot become 
acid. Ferric sulphide is a black substance decomposed by acids 
into a ferrous salt, sulphur, and hydrogen sulphide: 

Fe,S,+4H -2Fe” + S | -f 2H2S t • 

The fact that ferric sulphide, but not aluminium sulphide, can under 
certain circumstances be precipitated from aqueous solution may 
perhaps be attributed to the lower solubility of the former. 

Metallic ores, such as chalcopynic, CuF'eSg, or mispickel, FeAsS, 
containing iron and sulphur in conjunction with other metals, are 
very widespread in nature. 

Iron disulphide, FeSg, occurs in nature as the important and 
abundant mineral iron pyntes. It can be obtained artificially by 
boiling ferrous sulphide with .sulphur, and by many other jnocesses. 



GROUP VIII 


793 

It is a yellow substance, insoluble in water, which on strong heating 
in the absence of air decomposes into ferrous sulphide and sulphur, 
and is to be regardt'd as a polysulphidc. The roasting of iron 
pyrites was for many years the commonest commercial method 
for the preparation of sulphur dioxide for sulf^huric acid manu- 
facture. Atmospheric oxidation of pyrites in the pre.sence of mois- 
ture leads to the formation of ferrous sulphate and sulphuric acid; 

2FeS2+2H./3-f702=2Fe "-f 

and this is the origin of the ferrous sulphate often to be found in 
the drainage water of coal mines. 

Sulphates. 

Ferrous sulphate, FeSO^, is prepared on the large scale from 
pyrites. The solution obtained by atmospheric oxidation is 
treated with old iron, which not only forms ferrous sulphate with 
the sulphuric acid, but also precipitates in the metallic form any 
copper which may be present as cupric salt. The product obtained 
by crystallizing the solution is not pine, and pure ferrous sulphate 
is prepared from pure iron and dilute sulphuric acid. Crystalliza- 
tion at room temperature yiekls crystals of the heptahydrate 
F'eSO^ yH.fi, formerly known as ' green vitriol.' The anhydrous 
salt can be prepared by carefully heating the heptahydrate in the 
absence of air, but some basic salt may be formed at the same time. 
Anhydrous ferrous sulphate is a colourless substance which when 
strongly heate^l decomposes into ferric oxide, sulphur dioxide, and 
sulphur trioxide: 

2FeS04=Fe2034-S02 f +SO 3 f . 

Fuming sulphuric acid was for many years prepared by the dis- 
tillation of green vitriol, especially at Nordhausen (Germany), 
whence the name ' Nordhau.scn acid.' 

Ferrous sulphate is soluble in water. The solutions are oxidized 
by the air, but the rate of oxidation can be much reduced by the 
addition of dilute sulphuric acid, which prevents the formation 
of colloidal ferric hydroxide. Even the slight acidity of an ammo- 
nium .salt solution is sufficient for the purpose, and consequently 
the doable salt ferrous ammonium sulphate, FeS04.(NH4)2S04.6H20, 
is nearly always preferred to ferrous sulphate for the analytical 
o])erations in which ferrous sulphate is often used as a reducing agent. 

Ferrous sulphate solutions have the property of absorbing nitric 
oxide. The solutions are brown, and since at saturation one mole- 
cule of nitric oxide is present per molecule of ferrous sulphate, it 
is reasonable to suppose that a compound, FeSO4.NO, is present, 
or more probably an ion, (Fe.NO)”, since other ferrous solutions 
have the same property. This view has been confirmed by the 
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isolation ot such a compound by addint; concentrated sulphuric 
acid to the solution, wlien it a])pears in red crystals, which easily 
decompose. The production o1 this brown solution is the basis of 
the brown ring te^t for nitrates or nitric acid. The suspected 
solution IS mixed witli ferrous sulphate solution in a tube, and 
concentrated sulphuiic acid is carefully poured down the side so 
as to form a separate lower layer. lh‘at is developed at the surface 
of S(‘|)arali()n, and in the hot strongly acid solution the ferrous 
sulphate reduces the nitric acid to nitric oxide, which dissolves to 
form a blown ring. 

Ferrous ammonium sulphate, 1T'S04.(NH4).2S04.6H20, is a pale 
green salt obtained by cooling mixed saturated solutions of ferrous 
and ammonium suljihate'.. Manv other doubk‘ sulphates containing 
ferrous iron are known. 

Ferric sulphate, he.2(S04).j, is prepan^d by carefully heating ferrous 
sulphate in the air, or more easily by boiling it with concentrated 
sul])huric acid: 

jFe -1 4H d SO/'- 2h'e” f jsQ., t I 2 IUO. 

The anhydrous salt obtained in this w'ay is a colourk'ss .solid which 
when strongly heatf'd yields ferric oxide and sulphur trioxide, 
which is itself ])arth’ decom])osed into sulphur dioxide and oxygen. 
It is soluble in w^ater, and from the solution a number of hydrates 
can be obtained, such as the violet (mneah^ dratc Fe.2(S04)y.()H20, 
but evaporation at high temperatures leads to the separation of 
acid and basic salts. Ferric sulphate readily forms alums m w’hich 
the aluminium is re])laced by ferric iron, e.g. ferric ammonium 
sulphate, * feme alum,' Fe.2(S04)3.(NH4)2S04.24H20. Solutions of 
this substance are .strongly hydrolysed, and if highly diluted dcpo.sit 
precipitates. 

Nitrates. 

Ferrous nitrate, Fe(N03)2 f)HoO. — Since nitrates oxidize ferrous 
salts on boiling, even in neutral solution, the preparation of ferrous 
nitrate requires considerable care, and the anhydrous salt has never 
been obtained. It is pre.serit in the solution prepared by di.ssolving 
iron in very dilute nitric acid, and it has also been prepared in 
solution bv the double decomposition of lead nitrate and ferrous 
sulphate in dilute alcohol. By filtering this solution and evaporating 
it in the cold it is possible to obtain ferrous nitrate liexaltydrate. 
It is very soluble in water, but is decomposed above 60° with the 
precipitation ot ferric hydroxide. 

Ferric nitrate, Fe(N03)3, can be obtained in hydrated form by 
dissolving iron in nitric acid sufficiently concentrated to avoid the 
formation of fenous nitrate, but not so concentrated as to render 
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the rnclal passive. A dark red solution is obtained, Ironi which 
concentrated nitric acid precipitates the hydrated salt. The 
anhydrous compound is unknown. If peri('ctly puire, ferric nitrate 
is colourless, but as usually obtained it is ])ale violet 

Phosphates. 

Ferrous orthophosphate, Fe3(P04)2.8IIj0, is a colourless substance 
nearly insoluble in water and precipitated from ferrous solutions 
by phosphates under carefully controlled conditions of acidity. 

Ferric orthophosphate, PV1*04.2H20, is a pale yellow substance 
obtained from ferric solutions in a similar wav, or by dissolvin/:^ 
iron in concentialed ])lu)splu)ii( acid and oxidizin^: tlie resulting 
solution in the air. It is jiractically insoluble in water but is 
hydrolysed by boiling vvat(‘r. 

Cakbonyls. — Iron forms three compounds with carbon monoxide 

Iron pentacarbonyl, Feft'O)^. is prcj)ared b\' the action of carbon 
monoxide on linely-divided iron. It is a pale yt'llow liquid, freezing 
at —20^^ and boiling at lo'j"’; on stronger heating it is decomjioseil 
into iron and caibon monoxide. The vapour density and the 
freezing-point of benzene solutions both jioint to the simplest 
mok'ciilai weiglit. '1 he action of halogi'iis Xo y)r()du('es C()nqv)unds 
PT(CO)4 Xo, winch are covalent like the parent carbonyl, but are 
completi'ly d(‘('onipos('d by water into fiTrous salt and carbon mon- 
oxide. In sunliglit tin* pentacarbonvl d'‘com])()ses: 

2be(C0),-Fu(C()), i CO 1 . 

Iron enneacarbonyl, b'c^(('()),„ foriiK'd in this reaction is an 
orange-coloured crystalhnt' solid, which, unlike tlu' pentacarbonyl, 
IS insoluble in benzene or ether, and can be isolated from it with 
the help of these solvents It derompo.ses vni warming to about 

Too"^’ or over: „ . , ,, 

2re,(CO)g-3he(eO)5 t +3^0 t -l-hc, 

but at lower tempeiatures, and in tlie piesence of suitable solvents, 
such as toluene, green solutions of iron tclracarhonyl , Fe(C0)4, are 
obtained. This is a green cr\stalline sulxstance which at 150" 
decomposes into iron and carljon monoxide. I'he molecular weight 
corresponds with the formula 1 Fe(rO)4J.,. 

Complex Iron Cyanides. 

Iron forms complex anions of great stability with six cyanide groups 
per iron atom. I'he ferrous derivatives are called ferrocyanuics and 
contain the anion Fe(CN)j."", the ferric derivatives, or f err icy anides, 
contain the anion Fe(CN)(/'". The ferrocyanides must exceed the 
ferricyanides in stability, since the ferricyauide-ferrocyanide oxida- 
tion potential is slightly greater than the fernc-ferrous oxidation 
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potential. Eerricyanides will oxidize ferrous salts tf) ferric salts, so 
that ferric ferrocyanide is i)rodiiced cither by adding a ferric salt to 
a ferrocyanide or a ferrous salt to a ferrievamde: 

Ee(CN)/" I Ee--.Ee(CN);'" \-VV'\ 

Moreo\'(T, ferricyanides will partially oxidize hydrochloiic acid to 
chlorine: 

2 Fe(CN),/" J 2 Cl'^- 2 Fe(CN),""-+ Cl., t , 

whereas ferric ions will not liberate chlorine from chloride solutions. 

Like many other oxidation-reduction systems, that feriieyanide- 
ferrocyanide is markediv influenced by the hydrogen ion concentra- 
tion of the solution containing the system: indeed a change from 
acidity to alkalinity reverses the cliaracter of the system from 
reducing to oxidizing powers. In alkaline solution the oxidizing 
action of ferricyanide is shown in the equation : 

2Ee(CN),'''-f20ir->2Ee(CN)/'''-l ILOH O. 

Alkaline solutions of ferricyanidi's will libiTate oxygen on boiling, 
whereas in acid solution the change is reversed, and acid ferrocyanide 
solutions are oxidized by the air. 

Ferrocyanides.-'-Many ferrocyanidcs are insoluble in water, but 
those of the alkali- or alkaline-earth metals an* not. The soluble 
ferrocyanidcs can be prepared in solution by adding ferrous salts 
to cyanides: 

l^e'+6CN'->Ee(CN),;"', 

while the insoluble ferrocyanidcs are usually prepared by precipita- 
tion from solutions of potassium ferrocyanide. In many insoluble 
cyanides, e g. silver cyanide, and in jirussian blue both atoms of 
cyanide ion act as donors: in ferro- and ferricyanides carbon is 
tile donor atom. 

Potassium ferrocyanide, K4Ec(CN)g.3H20, ‘ yellow prussiate of 
potash,’ is obtained in the laboratory as described or by dissolving 
iron in cyanide solutions. It is obtained on the large scale as a 
by-product in the purification of coal-gas. The crude gas contains 
hydrogen cyanide and some ammonia, from which it is freed, in 
one process, by passage through a solution of ferrous sulphate. 
Potassium ferrocyanide can be obtained from the resulting solution 
by boiling it with lime and adding potassium carbonate, which 
precipitates the calcium as carbonate. It can be purified by 
precipitating the saturated aqueous solution with alcohol. 

It is a yellow crystalline substance soluble in water, and can be 
dehydrated by heating; the anhydrous salt is colourless. Unlike 
potassium cyanide, it is non-poisonous. If strongly heated in the 
absence of air it yields potassium cyanide, cyanogen, and iron : 
K4hT(CN),-4KCN-fC2N2 f +1'^- 
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W'lth dilute acids hydrogen cyanide is obtained: 

Fc(CNV"' + bTr-f)HCN \ 

but with concentrated sulphuric acid, to which a little water may be 
added with advantage, pure carbon monoxide is liberated on heating: 

i<>(CN)6''''+i2ir+6H,o-=Fc-'+()NH;-i oro t . 

With ferro/^s solutions, potassium ferrocyanide pn)duccs a white 
precipitate of potassium ferrous ferrocyanide, KoFe[h'e(CN)(5], easily 
oxidized by the air, and with ferr/r solutions a piecipitate, or in 
very dilute solutams a blue colloidal solution, of ‘ prussian blue,' 
Kh'e2(CN)(., Aq. Turnbull’s blue is produced from potassium 
ferricyanide solutions by addition of solutions of ferrous salts. 
Fcrrocyanides are easily oxidized to ferncyanides by chlorine, 
permanganates, and other oxidizing agents, and some of these 
actions are made use of in volumetric analysis. 

Fcrrocyanic acid, Fl4]^e(rN)o, is obtained as a colourless precipi- 
tate by the action of concentrated hydrochloric acid on a saturated 
solution of potassium ferrocyanide. It is soluble in water, and 
the solution is strongly acid. When boiled it decomposes into 
hydrogen cyanide and ferrous cyanide, and the same change takes 
jdace when the solid is cltied and heated in the absence of air. Solu- 
tions of fcrrocyanic acid, or the solid substance, are easily oxidized 
by the air. 

Prussian blue and TurnhulVs blue, which are insoluble, and the 
so-called ‘ soluble ’ blue all have essentially the same composition, 
K|F"e.2(CN),>], but contain differing amounts of hydrate water. The 
anion [FeoirN)^' owes its existence to the fact that cyanide ion 
can develop two, collincar co-ordinate links CN~>) . Each cyanide 
IS common to two structural units, in each of which an iron atom is 
surrounded octahedraily by six cyanide groups, but in one set the 
linkages are of the type FT-^CN and in the other Fe-r NC. Since 
every C'N provides two links, and every atom of iron receives six, 
the composition of the anion is explained. In the unit-cell an 
iron atom is found at each of the corners of a cube, and a CN group 
along each edge. As this structure is proliferated to give the 
(macromolecular) structure of the actual solid, potassium ions 
necessary for electro-neutrality are placed in alternate cubes. 
Iron atoms arc formally present in equal numbers in the ferrous 
and ferric states, and the characteristic colour is caused by the 
interchangeability of these states. 

Ferricyanides. — Potassium ferricyanide, K.,Fe(CN)(j, ‘ red prussiate 
of potash,’ is prepared by oxidizing potassium ferrocyanide in solu- 
tion, usually witli chlorine: 

2Fe (CN)e'"' -f Cl2->2Fe(CN)o'" -) 2CI'. 
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In boilinj; solution reaction is reversible. The prculnct is frec'd 
from potassium chloride^ by recrystallization, and is a red solid which 
dissolves m water to form a ^’^‘llow solution. lA’rricyaiiide solutions 
arc sh^^litly hydrolysed and may precipitate ferric hydroxide, 
particulaily it they aie, expf)sed to the li}:]:ht. They are mild 
oxidizini:^ aj^ents which will oxidize iodides, bromides, and to some 
extent chlorides to the elemc'nt and hydrof^en siil])hide to sulphur. 
With hydrof^en p<uoxid(‘ m alkiihne solution (p. 341) mutual 
reduction takaxs place accr)rdin.‘:^ to the equation: 

2 Te((\N)6'''H ILO, 2Te(CN),."" | 2ll'+02 f • 

Fcrricyauic acid, II.{Ee(CN)(„ is prepared in solution from hydro- 
chloric acid and sibar ItTiicvanide, or as a brown solid by the 
evaporation of this solution at room tempea'ature. 

Ferric thiocyanate, Te(CNS)3.3H20.-— The addition of soluble 
thiocyanates to ferric S(»hitions, which if dilute* are usually acidified 
to avoid hydrolysis, ])roduc(‘s a red colour so intense that it is the 
most sensitivt* known test for fiTric iron. Ferric thiocyanate is 
very soluble m ether, and can be extracted fiom its a(|ueous solutions 
with this solvent. 'I'lie (‘thenad solution is deep ri'd, and shaking 
with ether inteiisifu's Hit* delicacy of the thiocyanate test for iron. 
Ity evaporating the solvent dt‘ep red crystals ol composition 
b'e(('NS).i.3ll20 ha\'t‘ Ihx'U obtaiiu^d, but their constitution, whicli 
might be nqiresi'iitc d as lT\lhqLNvS)J, has not yet been ascertained. 


CoB.MT AND Nickel 

Co---5<S-q|; atomic number, 27 Ni=58-7i; atomic mwiher, 28 

History. — (rt) Cobalt. — Though the name kibaliu, apjihed to a 
certain mineral, has been found in Assyrian glass-making recipes 
of the seventh century B.c., it is as uncertain whether the word 
IS elymologically ahihatcd to cobalt. Jt is true that cobalt ores were 
used by the Assyrians and Egyptians in preparing blue glass and 
faience, but the name ' cobalt ' is usually supjiosed to be derived 
from the German Kobold, an evil sprite. These sprites or gnomes 
lived in the copper mines in the Harz Mountains, and took pleasure 
in exposing ores that looked like copper ores but on roasting gave 
an unpleasant smell and no copper. These false ores were called 
kobold ores or cobalt ores. Brandt (1735) showed that cobalt ore 
contained a new metal, the ])roperties of which were afterwards 
more fully investigated by Bek(;mann (1780). 

(b) Nickel. — A further ore, deceptively like copper ore, was 
described by the unfortunate German miners as Kupfernickel, i.e. 
' lalse copper.* From this ore Kronstedt (1751) obtained metalTic 
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nickel; it was, however, again lh«.u(.MANN (1774) who first accurately 
described the metal and certain of its compounds. 

Occurrence and Extraction. — Cohalt is much less abundant than 
iron. The principal ores are in Cobalt District, Ontario, Canada, 
where arsenides and mixed arsenides and sulphides of the metal are 
mined. Smaltite, CoAsj,, is also found in Germany, and cobaltiie, 
CoAsS, in Sweden. Cobalt is always associated with nickel in its 
ores, and often with silver. 

The process of extraction adopted in Canada is briefly as follows. 
The ore is crushed, finely ground, and smelted in a blast furnace 
with the addition of sand and limestone for flux. At the end of this 
o])eration some crude silver has separated, and this is removed and 
refined, d'he product is mixed with common .salt and roasted, 
and is then cooled and extracted with water, the cobalt, copper, 
and .some nickel passing into solution as chlorides. The copper is 
precipitated with iron scrap, and the cobalt and nickel separated as 
h3^droxides by the addition of caustic soda. The precipitate is 
washed, dissolved in hydrochloric acid, and treated with calcium 
carbonate to remove anv iron or silica. The filtrate is then treated 
with bleaching powdei, which precipitates nearly all the cobalt as 
the hydrated sesquioxide, leaving nearly all the nickel in solution. 
From this oxide, the metal can be jirepared bv various methods; 
either by heating with charcoal, or by Goldschmidt's process, or 
by reduction with hydrogen, or elect rolytically. 

In the laboratory the preparation of pure cohalt or cobalt com- 
pounds presents some difficulty. Reliable mctliods are available 
for the removal of nickel— c.g. the dimeth^dglyoxime precipitation 
—but the last traces of iron are hanl to get rid of. Commercial 
samples of cobalt salts all contain iron, .sometimes in quite large 
])roportions. The process generally recomriKaided is to prepare 
chloropentammino cobalt chloride, [CoCl,5NH3]Cl2, to purify it by 
precipitating the ammoniacal solution several times with pure 
liydrochloric acid, and then to use it as a source of pure cobalt 
compounds. 

Nickel is more abundant than cobalt, but much less so than iron. 
The most important sources of nickel are in Ontario, where it occurs 
in sulphides and arsenides associated with copjie^r pyrites: and the 
deposits of garnicritc, a mixed silicate of magnesium and nickel 
mined in New Caledonia, are also of commercial importance. 

The extraction of nickel from its ores is a somewhat complicated 
process which varies according to the nature of the ore. During 
the greater part of the nineteenth century no economical method of 
extraction had been discovered, and consequently nickel was little 
u.sed. The discovery of the volatile compound nickel carbonyl, 
Ni(CO)4, in 1890 suggested a method of separation which is now 
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worked on a very large scale, and to whicli the modern industrial 
importance of the metal is due. 

The Canadian ores are first roasted in the open, then mixed with 
slag from the converter and smelted in a blast furnace. The product 
is then transferred to a Bessemer converter similar to that used in 
steel manufacture, mixed with a flux, and oxidized in an air-blast. 
This y)rocess removes most of the iron as silicate, and leaves a 
mixture of nickel and copper sulphides which is sent to the refinery 
for further treatment. A large proportion of the world's production 
of nickel is made by tlie Mond carbonyl process originally installed 
at Swansea in South Wales. 

At the refinery the sulphides are first roasted to oxides, and these 
are then treated with hot dilute sulphuric acid, whicli dissolve's out 
nearly all the cupric oxide while leaving nearly all the nickel oxide. 
The product of this process is an important source of copper. The 
undissolved oxides are reduced to the metal by producer-gas, and 
the metal is then heated to about 6o° in an atmosphere of carbon 
monoxide. The nickel carbonyl produced is passed into a chamber 
filk'd with moving nickel shot and kept at 200°. At this tempera- 
ture it is decomposed into nickel and carbon monoxide: the nickel 
is de])osited on the shot as metal of at least 99*8 per cent purity, and 
the gas is used again. Afler the crude metal obtained by reduction 
has twice been through the carbon monoxide process, the residues 
are worked up for the metals of the platinum group. Nickel can also 
be refined electrolytically, and in this way can easily be freed fn)m iron. 

In the laboratory pure nich'd compounds can be obtained from 
hexamrnino nickel bromide, [Ni.bNH^jBro. 

Uses. — Nickel was put to commercial use many years before 
cobalt, and, chiefly on account of its lower cost, is still of much 
greater practical iinjjortance. Nickel and its alloys are hard and 
resist corrosion or oxidation, and nickel is used on a large scale for 
electroplating, or as an impervious electroplated foundation for 
chromium plating. This is usually earned out in hot ammoniacal 
solution, in which the nickel is present as a complex ion. The 
bright parts of motor cars and bicycles are often nickel-plated. 
Of the alloys of nickel, nickel steels absorb more than half the 
total production of the metal. Of the special alloys, tnvar con- 
tains about 35 per cent of nickel, with a little manganese and 
carbon, and the rest iron. It has an exceedingly small coefficient of 
expansion, takes a high polish, and is very resistant to corrosion ; it is 
therefore much used in watches, clocks, and other apparatus of the 
kind. Platinitc has a higher proportion of nickel, about 46 per cent, 
and a coefficient of expansion equal to that of soda-glass, so it is used 
as a substitute for platinum for sealing into glass. Nichrome 
contains 60 per cent of nickel, 14 per cent of chromium, and the rest 
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iron, and is used as resistance wire and for electrical heating; its 
advantages being its high specific resistance, high melting-point, 
and resistance to oxidation or chemical attack. Of the alloys with 
copper, that containing 25 per cent of nickel and 75 [)er cent of 
cupper is used in coinage in the United States and in Euro[)e, and 
that containing 40 per cent of nickel and 60 per cent of copper is 
called constantan and is used in thermo-couples. Monel metal, 
which contains 60 per cent of nickel and 35 per cent of copper, with 
some iron, is very resistant to corrosion and is used in chemical 
plant : it is prepared directly from ores of nickel and copper. 
Finally, German silver, used in plate and for ornaments, is an alloy 
Of copper, nickel, and zinc which may contain copper 55 per cent, 
nickel 25 per cent, zinc 20 per cent. 

Nickel crucibles are used in the laboratory for alkaline fusions, 
but are inferior to silver crucibles for this purpose: nickel spatulas 
aie also popular. Nickel is also used in the Edison accumulator. 

Cobalt is principally used in the cobalt steels, suitable for high- 
speed cutting tools. The addition of cobalt to steel greatly 
increases the magnetic retentivity. Since cobalt is harder than 
nickel, cobalt-plating can be made thinner than nickel-plating 
without loss of protection, and the nickel of nichrome can also be 
advantageously replaced by cobalt. An eilloy of cobalt and 
chromium is used as a constituent of * stainless steel.' Cobalt 
oxide gives a fine blue colour to glass and porcelain, and small 
quantities are used for this purpose. 

Properties. — Cobalt and nickel are silver- white magnetic metals 
of density about 8*8, but the cast metals are less dense. Cobalt is 
noticeably brighter than nickel. In the massive form they are 
both resistant to oxidation, but the finely-divided metals obtained 
by reducing the monoxide at a low temperature, e.g. 200°, in 
hydrogen are pyrophoric. Even in the massive form the metals 
can be superficially oxidized by strong heating in air or oxygen. 
They are hard, but malleable and ductile. 

The standard electrode potentials of both cobalt and nickel are 
between —0*277 and —0-230 volt. This means that the metals are 
not attacked by water and only slowly by dilute acids, but they will 
decompose steam at a red heat. In concentrated nitric acid they 
display passivity. 

Cobalt and nickel resemble iron in appearance, density, melting- 
point, and in the possession of magnetic properties, but have 
greatly superior resistance to corrosion and are also much less 
abundant. The bivalent compounds of the three elements show 
considerable resemblance to each other, as will appear from the 
account given in the following pages, and a further link is afforded 
by the carbonyls of all these elements. 
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r'in(‘ly-di\ idcd nickel, usually prepared by reducii\^ tlie monoxide 
at a low temperature with hydrogen, has long been used in the 
laboratory as a catalytic agent in the hydrogenation of gases: 
thus the oxides of carbon, when mixed with hydrogen and passed 
over hot catalytic nickel, are converted to methane and water. 
Among the earliest investigators in this field were Sahahkk and 
SendekIvNS. Jn more n-ceiit years the jiroccss lias been applied 
on a manufacturing scale to the hardening of fats. Thus whale-oil. 
even when deodorized, is a liipiid in itself of little value, but when 
mixed with nickel and exposed to hydrogen under jiressurc it 
lakes u]) the gas and foims a fat, solid at ordinary temperatures, 
which can be used m the manulacture of soa])- though its adx'an- 
tages for this jnirpose are chielly conlined to its low cost. The 
nickel is recovered, purihed, and used again. 

COMl^OUNDS ( 3 F CORALT AND NICKEL.— I'he chemistry of 
these elements resembles that of iron, but, if their complex derivatives 
arc excluded, is less comjihcated, since the tcTvaleiit state st) 
important in the study ol the iron compounds is inconsjiiciious 
with cobalt and almost absent with nickel, which is incapable of 
forming a tervalent cation. Consequently the stability ol the 
bivalent state incnsases irom iron to nickel, and the oxidation 
potential Co'*'-^Co‘’ is i-8j volts, a very high value as compared 
with 077 volt lor Ee’‘’->h'e“. In the numerous and olt(*n very 
stable cobaltic complexes, the metal is, however, tervalent. 

The bivalent cations ol cobalt and nickel, in the p)rt‘sence of 
exce.ss of water, are red and green respectively. 

Oxides and Hydroxides.— In addition to the oxides and 
hydroxides in which the elements are bivalent, both cobalt and 
nickel form higher oxides, though the identity and propierties of 
some of them are uncertain. Cobalt forms compouncls CooOg.HoO 
and C03O4, nickel probably only NLOg. 

Cobaitous hydroxide, Co(OH)2, is a bine precijiitate obtained by 
the addition of caustic alkalis to cobaltous solutions. It turns 
pink on boiling, and a pink solid is directly obtained by adding 
cobaltous solutions to aqueous alkali. Without coloui change eacli 
precipitate gives the hydn^xide Co(OH)2 on drying. Tlie blue 
hydroxide is readily oxidized if exposed to the air, and then turns 
brown. It is not quite insoluble in water; the solubility is about 
3 milligrams per litre at 20"'. It will dissolve in concentrated 
ammonia (though less readily than nickelons hydroxide) to form a 
complex cation, and the amrnoniacal solutions are easily oxidized 
by the air to form cobaltamniines in which the metal is tervalent. 

Cobaltous oxide, CoO, is obtained by heating the hydroxide or 
carbonate m an inert atmosphere, or by careful reduction of the 
sesquioxide in hydrogen at not too high a temperatuie. It is a 
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grey solid which on healing m llic air forms tricobalt totroxidc, 
1 0.JO4, and is reduced to tlu^ metal by strong heating in hydrogen. 
Both oxide and hydroxide dissolve in acids. 

Tricobalt tetrozide, C03O4, is a bl.ick solid which, unlike the 
corresponding oxide of iron, is not magnetic. It is obtained by 
heating any other oxide of cobalt in the air, or by strongly heating 
cobaltous nitrate. It is an oxidizing agent wliich liberates chlorine 
from hydrochloric acid. 

Cobalt seSQUioxide, (OoUs, exists only as the monohydrale, a black 
substance obtained by htxitiug cobaltous nitrate very gently. When 
heated in the air it yields Irieobalt tetroxuU'. 

Cobaltic compounds.- 'I'he hydrated si squioxide is tht; only stable 
simple cobaltic compound. Cobaltic alum, (NIl4)Co(S04)j,.i2H20, 
can be prej)ared as blue* ( rystals by anodic oxidation of cobaltous 
sulphate, with subscHiuiait addition at o'’ of excess of ammonium 
sulphate. Since the oxidation potential Co“‘—vCo‘‘ is i-S2 volts, 
cobaltic solutions are very ])owerful oxidizing agents. Tliey decom- 
])ose on gentle wanning, liberating eitluT oxygen or an oxidation 
])rodnct of the anions jiresent — e.g. chlorine from chloride. It is a 
remarkal)k‘ 1(‘stiinonv to the stabilizing effect of co-ordination that 
while cobaltmcs complexes are rather unstable, those of ter- 
\'alent cobalt an* pcuhaps more stable than any other group of 
complex substances: for example, cold concentrated sulphuric 
acid do(^s not remove ammonia from h('xammino-coballic chloride, 
Co(Nn3),c]3. 

Nickelous hydroxide, Ni(Oll).2, is an apple-green precipitate 
obtained by adding caustic alkalis to nickc*! solutions. It is rather 
more soluble than cobaltous hydnjxidc* in water (about 13 milli- 
grams per litn* at 20 ) and differs from it in being fnxdy soluble in 
ammonia, to form the blue nickel-ammonia complex ion, thongb it 
is precipitated from the solution on Ixiiling. It is stable in the 
air. 

Nickelous oxide, NiO, is prepanxl by heating the hydroxide or 
the carbcjiiatc, cjr by Iieating the metal in steam to a red heat. It 
is a green solid wdiicli grows yellow oil heating, easily soluble in 
acids, and easily reduce el by heating in hydrogen. 

Nickel sesQuioxide is not known with certainty. The black 
substance obtained by adding alkaline hypochlorites to nickelous 
solutions is believed to be a hydrate NiaOg.H.^O, and a similar 
product can be obtained by heating nickelous nitrate very gently, 
or by bubbling chlorine thremgh a suspension of nickel hydroxide. 
It is an oxidizing agent which wath acids liberates oxygen or an 
oxidation-product of the arid. When this hydrate is carefully 
heated in vacuo at about 140'’ it steadily loses both oxygen and 
w^ater until tlie comjiosition reaches that of NiO. It has been 
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siif^gesl (m 1 tliat an oxide of composition NiOg may be present in the 
oxidized precipitate but no confirmed evidence for this has been 
produced. 

Carbonates. — The addition of carbonates to cobaltous or nickelous 
solutions precipitates basic carbonates, but hydrated normal car- 
bonates arc obtained if a solution of sodium hydrogen carbonate 
is used as the precipitant. Cobaltous carbonate is pink, nickelous 
carbonate given. 

Halidjcs. — The cobaltous and nickelous halides may be prepared 
by the usual methods, though the attack of the halogens, other than 
fluorine, on nickel and cobalt is vigorous only if the metal is finely 
divided and heated. The compounds are salt-like and have high 
or fairly high melting-points. The hydrates can be prepared by 
evaporation of the solutions in the air, but on further heating these 
yield basic salts unless the air is replaced by the hydrogen halide: 
this applies even to the fluorides. 'J'he cobaltous halides show 
greater evidence of cov^alency than the nickelous halides; cobaltous 
chloride, for example, is soluble in ether, but nickelous chloride is 
not, and a)baltous chloride also appears to be the more volatile, 
and in its solutions to be the more inclined to the formation of 
complex ions and undissociated molecules. The chlorides of iron, 
nickel, and cobalt are all soluble in alcohol. 

All the halides are soluble in water, though the anhydrous fluorides 
are only slightly soluble. They all form hydrates. 

Cobaltous fluoride, CoV^, is a red substance which can be prepared 
anhydrous by heating cobaltous ammonium fluoride, CoF‘2-2NH4E, 
in the absence of air. This double salt is pirepared by fusing 
anhydrous cobaltous chloride with excess of ammonium fluoride. 
Cobaltous fluoride melts at 1200^-1300° and can be boiled at 
about 1400°. The dihydrate C0F2.2II2O, soluble in water and 
prepared by the usual methods, is decomposed by boiling water to 
form a basic salt. 

Cobaltous chloride, C0CI2, is prepared anhydrous by heating the 
hexahydrate in a current of hydrogen chloride. It can be freed 
from less volatile impurities, but not from the chlorides of iron or 
nickel, by subliming it in a strong current of hydrogen chloride or 
chlorine (the highest temperature of a gas-burner is required). 
The product avidly ab.sorbs water, by which it is hydrolysed at 
temperatures above 100° or so. At room temperature the stable 
form is the red hexahydrate CoClg.bHgO, which when gently heated 
yields first the pink C0CI2.2H2O, then the violet C0CI2.H2O, and 
finally, at about 120°, the bright blue anhydrous salt, which will, 
however, be contaminated with oxide unless the final heating has 
been carried out in hydrogen chloride. 

Anhydrous cobaltous chloride dissolves in alcohol, ether, and 
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some other organic solvents to form blue solutions. Cryoscopic 
measurements on these indicate the existence of double molecules 
at low temperatures, dissociated into single molecules on heating. 
The colour of the aqueous solutions has received much attention. 
These may be either red, blue, or any intermediate shade of purple, 
the blue colour being favoured by high concentration, high tempera- 
ture, and the presence of free hydrochloric acid. Attempts to 
account for these changes fall into two groups: according to one 
view the red cobalt ion is more hydrated than the blue one — the 
formulae C0.6H2O’’ (red) and C0.4H2O'* (blue) have been suggested 
— and according to the other the hydrated cobalt ion is red, and the 
blue colour is due to either undissociated molecules, or, more p)ro- 
bably, to complex ions which may be C0CI4''. The observed facts 
are too complex to be accounted for by either of these theories 
alone: they are probably both correct. The colour-changes have 
been used in sympathetic inks — dilute solutions of cobalt chloride, 
pink and invisible in the cold, but blue on heating — and in toys 
containing strips of paper pink m wet weather but blue in dry 
weather. 

Gobaltous bromide, CoBro. — Numerous hydrates of this salt have 
been prepared, among them the reddish-purple CoBrjj.oHgO and 
the bluish-purple CoBrg.aHaO. The anhydrous salt, obtained at 
130°, is bright green. The molecular weight of anhydrous cobaltous 
bromide in organic solvents corresponds with the simj)le formula 
CoBrg. 

Cobaltous iodide, C0I2, is a black substance obtained by union of 
the elements, or in solution by the action of water and iodine on 
cobalt powder. The hexahydrate CoIg.bllgO is dark red and so are 
the cold dilute solutions, but the hot solutions are green. 

Cobaltic halides. — The oxidation - potential of the change 
Co”*->-Co ”, 1-82 volts, exceeds the standard electrode potentials 
of all the halogens except fluorine, so only the fluoride can be 
prepared. 

Cobaltic fluoride, C0F3, is obtained by union of the elements, or 
by electrolytic oxidation of .solutions of cobaltous fluoride in con- 
centrated aqueous hydrogen fluoride, as a green })owder deposited 
at the anode. Water decomposes it to form cobaltic hydroxide, 
which, like ferric hydroxide, appears to be a w^eak ba.se, but it is 
soluble in concentrated sulphuric acid to form a brown liquid 
which decomposes on warming. On heating, it gives cobaltous 
fluoride and fluorine. 

Nickelous fluoride, NiFg, is prepared by the method used for 
cobaltous fluoride: it is a yellow substance with a high melting- 
point. Green hydrates soluble in water have been prepared. 

Nickelous chloride, NiClj, is yellow when anhydrous, but the 
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well-known hexahydrate, NiCl2/)ll20, is green. The anhydrous 
salt is converted to oxide, evolving chlorine, if heated in the air, 
but in the absence of air it can be sublimed at a high temperature. 

Nickelous bromide, NiBrg, is yellow when anhydrous. The addi- 
tion of aminoma to a concentrated aqueous solution precipitates 
violet crystals of Ni(Nll3)g.lir2. Since the corresponding compound 
of cobalt is soluble in water, tliis is a good method of preparing piure 
nickel compounds free from iron and cobalt. 

Nickelous iodide, Nil2. is black when anhydrous, but the hexa- 
hydrate, Nilg.bH^O, obtained by evajioration of the aqueous 
solutions, is green. 

Sulphides. — Hydrogen sulphide has no action on slightly acid 
solutions of cobalt or nickel salts, but ammonium sulpihide producer 
black precipitates of the hydrated monosulpliides CoS and NiS. 
It is remarkable that these precipitates will not dissolve in dilute 
acids, though they cannot be precipitated from acid solution. 
The explanation of this phenomenon is believed to he in the trans- 
formation of the sulpliide, as soon as it is precipitated, into a more 
stable and less soluble form. In confirmation of this view, three 
different nickel monosulphides have been prepared, one sfduble in 
dilute acids, the other two not soluble. Neither cobalt mono- 
sulphide nor nickel monosuljdiide is so easily oxidized by the air 
to the sulj)hate as is ferrous sulphide. Several higher sulphidc‘s 
of cobalt and nickel have been described. 

Sulphates. — The anhydrous sulphates of cobalt and nickel, 
C0SO4 and NiSO^, unlike the halides, can be prepared by heating 
the hydrates in the air: this is because sulphuric acid, being less 
volatile than the hydrogen halides, is more effective in preventing 
hydrolysis. I'hey can both be prepared in solution without 
difficulty by the usual methods. 

Cobaltous sulphate, C0SO4, when anhydrous is a red substance 
stable up to 700^" and only slowly dissolved by water. Cobalt is 
sometimes weighed in this form, but all the water is expelled from 
the hydrates of cobaltous sulphate only at 250° or over. The 
hydrates C0SO4.6H2O and C0SO4.7H2O, likewise red, are very 
soluble in water, and several other hydrates have been prepared. 

Nickelous sulphate, NiSO^, is yellow when anhydrous, while the 
hydrates are green or blue: it resembles cobaltous sulphate. Nickel 
ammonium sulphate, NiS04. (NH4)2S04.6H20, prepared from solutions 
of nickel sulphate and ammonium sulphate in sulphuric acid, is 
much used in nickel-plating. It is le.ss soluble in water than is 
nickel sulphate. 

Cobaltic sulphate, Co2(S04)3, is prepared by electrolysis of a 
solution of cobaltous sulphate in sulphuric acid, when it is pre- 
cipitated in pale blue crystals at the platinum anode (high oxygen 
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over-voltage). The action of ozone on such a solution yields a 
similar product. It dissolves in water, but the dissolved salt slowly 
oxidizes the water to oxygen; the un.stable solution is blue. An 
ammonium alum of tervalent cobalt has also been prej>ared by 
electrolysis. 

Nitrates.— These salts can be prepared without dilliculty in 
solution, or as hydrates, but the isolation of the anh^alrous com- 
pounds is not easy; it is accomplished by the action of nitrogen 
pent oxide on the hydrates. 

Cobaltous nitrate, Co(N03).2, is, wlu‘n anhydrous, a pink sub- 
stance which decomposers at about 100°. l'h(^ red hexahydrate, 

Co(N03).^.6HjjO, is very soluble in water, and is one of the com- 
monest compounds of cobalt. When gently heated it yields 
cobalt sesquioxide. 

Cobaltic nitrate is unknown, at any rate in the solid state. 

Nickelous nitrate, Ni(N(),)2. when anhydrous a greenish-yellc^w 
substance otherwise resembling cobaltous nitrate. 1'he green 
hexahydrate, Ni(N03)2.bH./J, is very soluble in water, and iTsembk's 
cobaltous nitrate hexahvdrate, but when gently heated yitTls 
(probably) nickel .-(“■qinoxide (hydKit(‘d). 

Complex NitrhI'.s.— C obalt forms a senes t)l salts called the 
coballinitritcs in which it is tervalent aiul present in a complex 
anion, Co(N02)6'"; a few similar compounds of iron and of bivalent 
nick(*l have been prey)ared, but they are ol minor importance. 

Potassium cobaltinitrite, K;jCo(N02)fi, is precipitated in tire 
hydrated form when a solution of potassium nitrite is mixed with 
a well-cooled and faintly acid (acetic acid) solution of a cobaltous 
salt. Some of the nitrite is consumed in oxidizing the cobalt to the 
tervalent state. The yi'llow hydrated salt is insoluble in water 
and has been used as a pigment; it is sometimes called ' Fischer's 
salt ' after its discoverer. Nickel cannot be oxidized in this way 
to the tervalent state, and in suth solutions forms no insoluble 
derivative, so this compound piovides a method of separating cobalt 
from nickel. The correspomhng salt of sodium is soluble in water, 
but not the ammonium salt. Many other cobaltinitrites have 
been prepared. 

Complex Cyanides.— Both cobaltous and nickelous solutions 
yield with cyanide solutions a precipitate of cobaltous or nickelous 
cyanide, Co(CN)2 or Ni(CN)2, soluble in excess of cyanide with 
the formation of complex ions. But whereas the cobaltocyanides 
contain the violet ion Co(CN)g"" and recall the ferrocyanides, 
the nickclocyanides contain the yellow ion Ni(CN)4'' and are not 
particularly stable; their solutions have the reactions of nicki'l 
10ns. There is, however, a considerable difference in the relative 
stability of the two- and three- valent states in the complex 
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cyanides of cobalt and iion. and it is remarkable that the cobalti- 
cyanides are murh more stable than the cobaltocyanidcs, whereas 
with iron the fcrrocyanidcs are rather the stabler. The oxidation 
potential of the change Co(CN) jj"'-i-Co(CN)g"" is negative on the 
hydrogen scale, and if cobaltocyanide solutions are boiled they 
liberate hydrogen, while in the cold they will absorb oxygen from 
the air. Many of the cobaltocyanides are insoluble in water, and 
can be precipitated from salt solutions by the addition of a solution 
of potassium cobalt ocyanide. 

Cobalticyanides. — Potassium cohaUicyaynde, K3Co(CN) g, is obtained 
in solution by boiling a solution of potassium cobaltocyanide: 

2Co(CN)g''"H 2lL0---2Co(CN)g'^'+20IT-l-H2 f . 

or by exposing it to the air, when it absorbs oxygen to form the 
same product. The cobaltocyanide can be precipitated by alcohol 
from the solution obtained by adding potassium cyanide to a 
cobaltous solution until the ])recipitate of cobaltous cyanide 
dissolves. 

Potassium cobalticyanide can be obtained in yellow crystals by 
evaporation of its solutions: it is isomorphous with potassium 
ferricyanide. 

Vobalticyanic acid, H;,Co(CN)q, is prepared from potassium 
cobalticyanide and dilute sul])hiiric acid. Alcohol precipitates 
potassium sulphate from thi.s solution, and the concentrated liltratc 
deposits cobalticyanic acid monohydrate, H3Co(CN)g.H20, from 
which the water can be expelled by cautious warming. The product 
is a colourless substance, strongly acid in solution. Numerous 
cobalticyanides can be prepared. 

Since the nickeiocyanides are much less stable than the cobalti- 
cyanidcs, nickel can be precipitated from mixed cyanide solutions 
by reagents which leave the cobalt unaffected. Liebig’s sej.iaration 
of cobalt and nickel depends on the use of bromine water for this 
jnirpose. Under suitable conditions it precipitates a hydrated 
oxide of nickel, probably the ses(piioxide, but leaves the cobaltb 
cyanide unchanged. 

Cakbonyls. — Cobalt forms two carbonyls, but they are less 
easily prepared and more easily decomposed than nickel tetra- 
carbonyl. 

Cobalt tetracarbonyl, Co2(CO)g, is prejiared from cobalt powder 
(obtained by reducing the oxide in hydrogen) and carbon monoxide 
at 40 atmospheres pressure and 150°, It is an orange crystalline 
solid melting at 51®, only slowly attacked by water or moist air. 
Cryoscopic measurements on the benzene solution lead to a double 
molecular weight. 

Cobalt tricarbonyl, Co4(CO),2, is a black solid prepared by heating 
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the tetracarbonyl to 60°. On heatiii.^, it decomposes into cobalt 
and carbon monoxide. 

Nickel tetracarbonyl, Ni(('0),,, is the only known carl)onyl of 
nickel. It is prepared from rednc(‘d nicki'l and carbon monoxide 
at about 40°, and in practice it is convenient to w'ork at increased 
pressure. The product is a colourless liquid freezinfi; at —25“ 
and boiling at 43°; the vapour has the normal molecular weight. 
Decomposition at atmospljeric pressure is complete at 150° or 
thereabouts, but by raising the pressure it is possible to preserve 
the carbonyl at much higher temperatures. 

Nickel carbonyl is insoluble in water, but slow^ly liberates hydrogen 
from acids; 

Ni(CO)4-| 2ll -Ni"d 4CO t +H2 t » 
and is decomposed by halogens in the }>resence of waiter: 

Ni(rO)i 1 CU NiCLd-trOt- 

It plays a very important ])art in the extraction of nickel (p. 799). 

Nickel dimethylglyoxime, Ni(('„ll702N2)2. appears as a scarlet 
precipitate when dirnethylglvoxime and ammonia are added to the 
solution of a nickel salt 'I'lns is a delicate test for nickel, and the 
reaction can also be used for the sejiaration of cobalt and nickel, or 
for the estimation of nickel, as the scarlet substance can be dried 
and weighed. 


Ruthenium, Rhodium, Paiiadium 
Ru = ioi*i; atomic vuniher, 44 Rh - io2-9i ; atomic number, 45 
Pd- i()(r4; atomic number, 4() 

These are all rare elements, thougli palladium is commoner than 
the other two. Ruthenium was discovered by Osann in 1828 in 
minerals from the Ural Mountains, rhodium and palladium in 
1804 by WoLTASTON in platinum 01 es. 

Occurrence and Extraction.— is obtained from osmiri- 
dium, a naturally-occurring alloy of wliich some samples contain 
5 per cent of it or even more. After most of the osmium has been 
distilled oil as the volatile tetroxide (p. 817) the residue is evaporated 
to dryness with ammonium chloride and a little nitric acid, leaving 
a solid consisting principally of ammonium hexachloro-iridate, 
(NH4)2lrCl6, but also containing the ruthenium as ammonium 
hexachloro-ruthenate, (NHJoRuClg. This is strongly heated, when 
chlorine and ammonium chloride are expelled, and the finely- 
divided metals remain. These arc heated in a silver crucible with 
fused caustic potash and potassium nitrate, wiiich convert ruthenium 
to soluble potassium ruthenate, K^RuO^. The product is extracted 
with water, which dissolves the ])otassium ruthenate but leaves the 
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iridinm, and the nUhenuim is precipitated as oxide by the addition 
of nitric acid. lYorn this the metal can be obtained by reduction 
with hydrogen or by various other processes, but the piroduct is 
not very pure. Traces of osmium may be removed by heating the 
metal or the oxide in a current of oxygen at such a temperature 
that osmium volatilizes as the tetroxide, while the ruthenium oxide 
remains behind, for the volatile ruthenium tetroxide is not produced 
in these conditions, d'he ruthenium oxide is reduced to the metal 
with hydrogen, converted as before to potassium ruthenate, and 
dissolv(‘d in water. A current of chlorine is then passed througli 
the hot solution, converting the ruthenium to voUitile ruthenium 
tetroxide, RuO^, which distils over and is collected in caustic potash. 
I^'rom this solution pure ruthenium can be obtained by reduction 
with alcohol. 

h'lmdiion is obtained fiom the platinum ores of South America 
(Colombia), the Urals, and Entish Columbia. When the platinum 
has been precipitated as ammoniuin hexachloro-])latinate, 
(NH4)2lHClfl (p. ^ 2 ^), the filtrate is treated with iron, which pre- 
ci])itates rhodium and other metals of the platinum group. The 
isolation of rhodium from this mixture is a lengthy jiroccss which 
varies according to the metals jiresent; the most effective method 
depends on the fact that metallic rhodium is insoluble in boiling 
aqua regia. 

Palladtnm is derived from several sources, though none of them 
is abundant. 'I'lie most important is perhaps the residue from 
the extraction of nickel by the Mond process. Palladium can easily 
be separated from the other metals of the platinum group as the 
insoluble jialladium iodide, Pdl^. Palladium is also extracted from 
ccitain platinum ores and from porpesite, a Brazilian alloy of palla- 
dium and gold. This is fu^cd with silver and extracted with dilute 
nitric acid, which leaves the gold unaffected. Palladium itself is 
insoluble in the dilute acid, but its alloy with silver will dissolve. 
'I'lie silver is easily removed from the solution as silver chloride, and 
the ])alladium can be precipitated with zinc. Palladium is purified 
by adding hydrogen chloride to its ammoniacal solutions; this 
preci])itates the compound PdC1.2.2NH3, insoluble in water but 
soluble in ammonia. 

Metals.- -The metals can be precipitated without difficulty from 
solutions of their salts. They are all hard; ruthenium is grey, 
rhodium and palladium silver white (compare iron, cobalt, and 
nickel). The metals can all be obtained in the finely-divided or 
sfiongy form by heating the ammonium complex chlorides, and can 
also be prepared in colloidal solutions of high catalytic activity. 
The metals are all very resistant to corrosion, though they can be 
oxidized by heating in oxygen or air, and are also attacked by fluorine 
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and chlorine. They are resistant to acids; ruthenium dissolve^ 
only slowly in aqua regia; rhodium will not dissolve even in boiling 
aqua regia, though some of its allc^ys will; palladitim, however, 
dissolves in hot concentrated acids and even in cold concentrated 
nitric acid. 

Uses. —The rarity of these metals jirevents any extensive use 
being made of them. Riiodium has been used in thermo-couples, 
and, alloyed with platinum, m the manufacture of crucibles, which 
lose le.ss metal by volatilization at high temperatures than do 
platinum crucibles. Alloys of palladium and gold have also been 
used as substitutes for ])latinuin in the manufacdure of laboratory 
apparatus. 

1'he Compounos or RuiiiENiifM, Rhodium, and Paliadium. 
—Like all the transition elements, these metals display several 
valencies, and their chemistry is in consequence somewhat involved. 
For a detailed account the large works of reference should be 
consulted. As is found with cobalt, and even with iron, the 
existence of comjilexes, very numerous with these elements, greatly 
affects the stability of the valeiuies. Ruthenium in its behaviour 
recalls both manganese and iron; its stablest valencies are three 
and four, but it c<ui also have valencies of two, six, seven, or eight. 
Like rhodium and palladium, it forms complex salts with the 
cyanides; these contain the ion Ru(CN),."" and are analogous to 
the ferrocyanides. The complex chloride anions have the lonnulae 
RuClg" and RuClj}'', and in the former the metal is tervalent, but 
ruthenium forms no alums. In rhodium the valency of three seems 
to be more stable, especially in complexes, than it is in ruthenium; 
thus the very stable complex cyanide contains the ion Rh(CN) 6 '", 
analogous to the ferricyanides, and unknown with ruthenium; the 
chloride complexes are RhCl^'' and RhCl^/" (compare RuCIr"); and 
rhodium forms alums, as well as a yellow potassium rhodinitrite, 
K3Rh(N02)(j, insoluble in water, and strongly recalling potassium 
cobaltinitrite. In addition to this valency of three, rhodium has a 
valency of four, most clearly shown in the dioxide, and possibly a 
valency of two. 

In palladium, as in nickel, the principal valency is two, but there 
are less conspicuous valencies of three and four, occurring almost 
exclusively in complexes. The ion of the palladocyanides is 
Pd(('N)/', and the chloropalladite complex is PdFl^", but JkU'l,/' 
and PdClg" are also known. Rlu'dium and palladium re.st'inble 
cobalt, and also iridium and platinum, in the variety and stabilit}^ 
of their ammine derivatives. 

Our account of the compounds of the three elements must be 
practically confined to the principal oxides and hydroxides and 
chlorides, but we may first consider the curious behaviour of 
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palladium with regard to hydrogen. Palladium will absorb large 
volumes of the gas, and if water is electrolysed with a palladium 
cathode, considerable quantities of oxygen are set free at the anode 
before any hydrogen appears at the cathode. The gas can be 
completely removed by heating the metal in a vacuum. The many 
researches which have been devoted to the subject have shown that 
the absorption is not a truly reversible one, and this has made its 
investigation very difficult. It is now generally believed that 
definite hydrides are formed, and that these compounds are capable 
of forming a solid solution in palladium. The permeability of 
palladium to hydrogen has been made use of in research, and 
ruthenium and rhodium shaie this property of absorbing the gas, 
though to a lower degree. 

OxiDKS AND Hydroxides. — Several o.xides of all these elements 
have been de.scribcd: we shall deal only with the more important. 
On account of the rarity and cost of these elements, the chemistry 
of their compounds has not been investigated so thoroughly as 
might be wished. 

Ruthenium trihydroxide, Ru(OH)3, is a blackish-brown precipitate 
obtained by the addition of caustic alkalis to solutions of t(;rvalent 
ruthenium salts. It is oxidized in the air, and can be reduced to the 
metal by warming in hydrogen at 40°. 

Ruthenium dioxide, RuO.2, sublimes when ruthenium is strongly 
heated in oxygen, and can be obtained in this way from osmiridiiim. 
It is, however, less volatile than osmium tetroxide, OSO4, a fact 
which is made use of in the separation of these elements. The 
dioxide is insoluble in acids, but when heated in the air with fused 
caustic potash it is oxidized to a ruihenate (compare manganese) ; 

2Ru02+40H'-f-02=2Ru04''+2H20 f. 

The ruthenates contain the ion RUO4” and are consequently derived 
from the unknown ruthenium trioxide, RuOg, an interesting 
resemblance with the ferrates. Potassium ruthenate is also 
prepared by heating ruthenium with caustic potash and potassium 
nitrate, and dissolves in water to form an orange solution easily 
oxidized to a green solution which contains a perruthenate. The 
perruthenates contain the ion RUO4' and correspond with the 
permanganates, the ruthenates with the manganates. 

Ruthenium tetroxide, RUO4, distils off when a solution of a 
ruthenate at 90° is oxidized by chlorine: 

Ru 0 /'+Cl 2 -Ru 04 1 -f 2Cr. 

It is a yellow crystalline substance which melts at 26°, and at 106° 
loses oxygen to form tlie dioxide. It may be compared with the 
volatile but more stable tetroxide of osmium. Both of these tet- 
roxides are exceedingly poisonous. It dissolves in water apparently 
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without producing either an acid or a base (compare osmium 
tetroxide). 

Rhodium trihydroxide, Rh(0]l)3, is a yellow com})ouiKl prepared 
by the method used for rutheiiiuiu trihydroxid(* ; it dissolves in 
acids to give pink soluti(;ns of rhodium salts (compare cobalt). 

Rhodium sesquioxide, l^luOy.— This oxide is the sole product of 
heating the metal, its nitrate, or chloride in air or oxygen at about 
bo{)°. It is a grey, crystalline solid, insfduble in acids. 

Rhodium dioxide, RhO.. -The hydrate, RhOo.lLO is produced 
by anodic oxidation of an alkaline solution of the hydroxide, 
Rli(OH).,. 

Rhodates containing the ion RIiO/' are known, and give blue 
solutions, but they are much less stable than the rutlienates, and 
no perrhodates have been ])re pared. 

Palladous oxide, PdO, is a brown or black siibstaiu'c precipitated 
from palladous solutions by caustic alkalis, or obtained simply by 
hydrolysing the solution of a palladous salt by boiling it. These 
methods yii'ld the hydrated substance; tlie anhydrous oxide can 
be prepared by igniting palladous nitrate. Palladous oxide is 
readily reduced by hydrogen in the cold. 

Palladium sesquioxide, PdaO.,, is obt.uned by electrolytic oxida- 
tion of palladous solutions, but is unstable, and yields a palladous 
solution (which is further oxidized by electrolysis) and the dioxide. 

Palladium dioxide, PdOg, can be obtaiiu'd by ek'ctrolysis as just 
described or precijiitated from alkaline chloroj>alladite solutions 
by ozone : 

Pdri/'-i o,d 20ir-d>do.>| -I o, t -f 4crTH,o. 

It is an unstable bumm substance with oxidizing properties. 

I Ialides — Ruthenium trichloride, RuCTj, is jiiepared b\' tlie action 
of liNxlrochloric acid on the tetroxah' or trihydroxide. It dissolves 
in water to form an orange solutioi! which on heating turns black 
and deposits the hydroxide (compare feiric chloride). 

Chlororuthcuitcs, siicli as KoRudj, are prejxired from cold concen- 
trated solutions of ruthenium trichloride and othei chlorides (e.g. 
potassium chloride), and chlororutkcnaics, such as KgRuCd,., have been 
prepared by the action of liydiochloric acid on ruthenates, and the 
hydrate, RUCI4.3TRO, is known. The chlororuthenates are decom- 
posed by water. 

Rhodium trichloride, Rhd;,, is obtained by heating ammonium 
hexachlororhodite, (NH4)3RhClfi, when it splits up into ammonium 
chloride and rhodium trichloride. The anhydrous substance thus 
obtained is red and will not dissolve in \vater or acids, but a soluble 
hydrate can be prepared by the action of hydrochloric acid on 
rhodium trihydroxide, or by precipitating sodium chloride from 
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sodium lu'xaclilororlu'.dito, NayRliClg, with hydrochloric acid and 
comaaitratini^ tlic solution. Both licxachlnrorlioditcs and ])cnta- 
chlororhcdiU^s (whicli contain the ion RliC'l^") can be obtained from 
mixed chloride' solutions. 

Palladous chloride, PdCC, is obtained by union of the clen^e its, 
tlanif^li it IS decomposed when healed to 250'', and can be reduced 
to tlu' metal in the cold by hydro|j^en. In a cm rent of chlorine it 
can be disiilh'd at a red heat. It forms dark red crystals, deliques- 
cent and soluble in waiter. When mixed with potassium cliloricU' 
solutions and concentrat(‘d. the solutions deposit j^otasisinm chloro- 
piilludilc, Kj.lM('l4, in red crystals which, like palladons chloride, 
leailily decoin])ose on heatin/.^. Although no other chloride' of 
palladnun is known, complex salts called cldoroptilladates, in wlncli 
th(' nu'tal is (|uadri\ akait, haw been ]>repared. Potassiitm chloro- 
palludulc, KoIMd^, is obtained by passing chlorine through solutuiiis 
of j)otassium cliloropalladite, and forms red cr\stals soluble in 
wab'r, though the solutions are not very stable. 

Palladous iodide, is a black substance preci])itatcd from 

jialladous solutions by soluble iodides. As it is insoluble in wat('r 
it is useful in the se[)aration of palladium from related elements. 
Like all palladium salts it yields the metal on strong heating. Lhe 
insolubility of the iodide is one of the resemblances between the 
adjacent elements palladium and silver. Since the standard elec- 
trode potential of palladium, -f 0-82 volt, like that of silver (+o-8o 
volt), exceeds that of iodine, which is only +0*53 volt, it would 
not be possible lor palladous iodide to exist in solution except in 
very low concentration. 

Palladium trifluoride, PdFg, can be prepared by exposing palla- 
dium, or palladous chloride, to the action of fluorine. 


Osmium and Iridium 

Os '-iQO-2; atomic number, 76 lr=iQ2*2; atomic number, 77 

Occurrence and Extraction. — These rare elements were discovered 
by Tennant in 1804. The principal source is osmiridium, an alloy 
found in Colombia (South America), the Ural Mountains, and New 
South Wales, and containing from 20 per cent to 40 per cent of 
osmium, with most of the rest iridium, and small quantities of 
ruthenium, rhodium, and platinum. 

I'he osmiiidium is first heated with zinc, with which osmium forms 
an alloy, and the product cooled and crushed. It is then placed in 
an earthenware crucible and strongly heated with a mixture of 
barium peroxide and barium nitrate; this treatmc'nt brings all the 
metals present into solution. The product is dissolved in dilute 
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hydrochloric acid, and sulp)huric acid is added to precipitate the 
barium as sulphate. This is filtered off, and the filtrate is treated 
with nitric acid to oxidize to the tetroxide, OSO4, any osmium 
which may be in a lower state of oxidation. The solution is now 
boiled, when nearly all the osmium distils off as the volatile 
tetroxide. The iridium and any ruthenium which may be present 
remain in the solution, and are obtained in the metallic state as 
described under ruthenium (p. 809). When these metals arc heated 
with caustic potash and potassium nitrate, a potassium iridate is 
probably formed as well as a ruthenate, but the subsequent washings 
decompose the iridate, leaving hydrated iiidium dioxide (compare 
ruthenium and rhodium). This can be converted to the metal by 
reduction with hydrogen, or simply by heating to a high tempera- 
ture. As the product contains traces of the other jilatinum metals 
it is usually further purified by taking advantage of the insolubility 
of iridium in fuming nitric acid or in aqua regia. Hiis process will 
not eliminate the closely allied clement rhodium, but rhodium will 
dissolve in fused potassium hydrogen sulpliate, which converts 
iridium to the insoluble sesquioxide. Ir20;i. 

The volatile osmium tetroxide obtained as just described is re- 
distilled and collected in aqueous ammonia, then precipitated from 
this solution by hydrogen sulphide as osmium tctrasulphide, OSS4. 
When heated in the absence of air this substance dissociates: the 
sulphur volatilizes first, and then the osmium sublimes and can be 
collected. A very high temperature is required for this operation. 

Metals.— Osmium and iridium are easily prepared by reduction 
of their compounds, in solution ()r in the solid state. They are 
white metals, very dense and hard; osmium is the densest of all 
substances known on the earth (density up to 24). They can be 
obtained in colloidal solution or in the finely-divided steite, and arc 
then very active catalysts for various reactions, such as the decom- 
position of hydrogen peroxide. Idncly-divided osmium is for certain 
reactions an even more active catalyst than platinum, and has been 
used in the synthesis of ammonia, though cheaper catalysts have 
now taken its place. 

The metals are oxidized when strongly heated in the air, but 
they are more resistant than ruthenium or rhodium to the action 
of fluorine or chlorine. Osmium is readily soluble in fuming nitric 
acid, but iridium is insoluble in all acids. In spite of their excep- 
tional properties, the elements are too expensive to be of much 
practical use. Osmium was once used for the filaments of electric- 
light bulbs, but has long been replaced by the cheaper tungsten. 
Alloys of platinum and iridium are hard and incorrodible, and have 
been used in tipping the nibs of expensive fountain pens, in surgical 
instruments, and in the construction of the standard metre and 
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kilogram at Paris. Platinum crucibles ufti‘n contain a little iridium 
to stiffen tlicm. 

Tine CoMP(.)UNDS OF Osmium and Iridium.- -The principal 
valencies of osmium are four, six, and eight, but tliere is a well- 
marked valency oi three, especially noticeable in complex anions. 
Osmium tetroxide, OSO4, in which the metal is octa valent, is more 
stable than the corresponding compound of ruthenium, and osmium 
is the only element to form, in the octafiuoride OsE^,, an electrically 
neutral coinjiound in which so many as eight atoms of one element 
anj directly attached to one atom of another. In its complex 
chlorides osmium resembles ruthenium in displaying valencies of 
three and four: three in the chloro-osmites, Ost'l,/", and four in the 
chloro-osmates, Os('l,/C and it also resembles ruthenium in forming 
osmocyanides, Os(CN)(Y'', in which the metal is bivaUait ; jiotassium 
ferrocyanide, rutla nocyanide, and o^'inocyanide are isoniorjihous. 
Iridium, as might be expect(‘(l, shows a close res('niblancc to 
rhodium as well as to o'-mium. The valency of thiee is well 
marked and fairly stable, though the hydrated sescpiioxide, Ir.X):j, 
is oxidiz(‘d by the air, liidiuni forms alums, and also a sulphate, 
Ir2(S04)3.Aq., in which it is tervalent. Moreover, the only known 
complex cyanides aie the iridicyanides, Ir(rN)<;'", as with ihodium, 
though in its comjilex chlorides iridium re.sembles osmium rather 
than rhodium, forming the chloiou idites, IrCly'", and the chloro- 
iridates, IrCl^/k The valency of four is less stable with iridium 
than with osmium, the valency of six is very unstable, and higlier 
valencies are unknown. Like cobalt and rhodium, indium very 
readily forms complex arnmines. 1'he known compounds of sexi- 
valent iridium cornj^rise the fluorid(‘, IiTq., the trioxide, lr0.j, and 
])ossibly an oxyfluoride, IrOE^. All are powerful oxidizing agents. 
Hie hexafluoridi', obtained from the metal and fluorine at ^0o°, is 
violently attacked by water, yieddmg finally the tetrahydroxide, 
I r (011)4, hydrogen fiuoruhx 

Oxides and Hydroxides. — The most important are the folkjwing : 

Osmium tetrahydroxide, Os(OH)4, is prccijiitated wdien chloro- 
osmate solutions are boiled with caustic alkalis in the absence of air: 

0 sCi,;'+ 40 H' -Os(oh) 4| -( ()Cr. 

It is oxidized by the air to the tetroxide, OsOj. If the tetra- 
hydroxide IS heated in an inert atinospliere it loses water and forms 
the dioxide, OsO^, w 4 uch can also be prepared by gently heating 
osmium in a stream of osmium tetroxide x'ajiour. I'he dioxide' is 
a brown solid which on strong heating yields OMiiium and the 
volatile tetroxide : 

20s(X OsjCKO^f. 

With hydrochloric acid it yields the complex OsCl,/'. 
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Osmium tetroxide, OsOj Solutions of this substance are often 
called ‘ osmic acid/ and saJts sucli as K2^)s04(01 1)^ liave been 
c^btained by treatin^^ the tc'iroxide with coiiceiitnited alkalis, but 
such salts arc pcyosnuilc^. Osmium tetroxide^ concludes a series — 
TaO^'", WO4", ReO,/, OsO^ in which the charge is the difference 
(8 -group numb(T), and in all of which the four oxygen atoms are 
lound at the corners of a regular tetrahedron enclosing the character- 
istic atom at its (.entre. 

This oxide is produced by heating the metal or its compounds 
in oxygen, or by tr(*ating them with nitric acid. It is a colourless 
solid with remarkable [iroperties, tor it melts at .to" and boils at 
J30 , and has so high a va])our ])r(‘ssnre at teinp(‘ratures below the 
boiling-point that it ran be distilled without dilhculty from its 
a([ueous solutions. Th(‘ va])our, which has the normal vapour 
density, has a strong ]K‘culiar odour, and is highly poisonous, 
( ausiiig tomporary bhndn(‘ss, among other effects. It is an tixidizing 
agent and can easily be reduced to the metal, either in solution or 
in the vapour. A dilute solution is us(*d as a stain in mii'roscopy, 
since organic substances reduce it to black fincdv-divided osmium. 
11 also forms a usi'ful killing agi'ut for protozoa, etc. Solutions of 
osmium felroxide are neutral. 

Osmates and Osmyl Compounds. — Phe trioxide is unknown, but 
osmates, derived from aii acid, IJoO'-O,,, have been prepared (com- 
pare iron and rutheuuim). Tlu'y are conveniently obtained by 
reducing alkaline solutions of osmium telroxidii, e.g. with alcohol. 
On careful treatment witli acids, osmatc solutions yield a series ol 
derivatives of a type infretjuenf ly seen. They arc called osmyl 
compoit}ids, and contain the bivalent positive radical OsO^, or pos- 
sibly the ion OsQ^ ', always associated, however, with other ions 
to produce comj^oniKT of the type K.,(0:-.02)t'l4, potassinm osmyl 
chloiide. 'riieir formation from osmates may be foTiiiulated: 

0.s04"+4HV'OsO.;‘ i 2H2O, 

and is n^versibk*, for in neutral solution the* osmyl derivatives arc 
hydrolysed and precipitate what may be osmic acid, l'I./)s04. 
They '>re, however, stable in slightly acid solution. 

Iridium sesquioxide, IrgO^, is obtained by heating chlomiridates, 
MoIrCl,., with sodium carbonate, when oxygen as well as carbon 
dioxide escapes. 

Iridium tetrahydroxide, Ir(C)H)4, and dioxide, IrOo, arc prf‘y)ared 
by the method used for the corresponding osmium compounds, but 
when the dioxide is strongly heated, it 3/iclds indium and oxygen, 
since iridium fonus no tetroxide. 'fhe hydroxide is a blue-black, 
and the dioxide a black, powder. The latter has a crystal structure 
similai to tliat of manganese dioxide (p. 763). 
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Halides. — Osmium reacts with fluorine when lieated in a stream 
of the gas, and forms a tetrafluoride OsF^, a hexafluoride Osh\,, 
and an oclafluoride OsE^, which can lie separated by fractional 
distillation in vacuo. 

Osmium octafluoride, the most volatile of the three, is a yellowish- 
red solid melting at 35", and boiling at 4tS^ to fr)rm a colourless 
vapour which fumes in moist air and has tlie normal vapour density. 
The octafluoride dissolves in water and the solution is partially 
hydrolysed, with formation of the tetroxide. It is decomposed l)y 
heating and is highly reactive, attacking organic substances with 
violence. It apparently combines with lluorides of the alkali- 
metals to form double or complex fluorides, and this may indicate 
a covalency of more than eight for osmium. 

Osmium dichloride, has been i>rc])arcd by heating the 

trichloride under reduced jmssure. 

Osmium trichloride, OsClg, is ])repared by heating ammonium 
chloro-osmate, (NH,i)20sCl^, in chlorine. It is a brown solid which 
dissolves in water to form solutions which, though slightly hydro- 
lysed, arc stable in the air. The cJiIoro-osniitrs, such as K^OsCl^j, 
]X)tassium chloro-osmite, are d(*rivt*d from it, and form red solutions- 
the potassium and ammonium salts, and possibly others as well, 
are soluble in watei. 

Osmium tetrachloride, Ost'l^, is jm^ivared by union of the elements 
at a high temperature, and when purified by sublimation forms a 
black solid. As it is insoluble in water, the chloro-osniatcs, which 
contain the ion Ost'l^.", cannot be prepared from its solutions, but 
they can be made by other methods, e.g. by heating osmium and 
potassium chloride in chlorine. Their solutions, which are yellow, 
are hydrolysed on warming and precipitate the tetrahydroxide. 

Iridium dichloride, IrCU, is prepared by heating the trichloride 
in a stream of chlorine at boo 700''. Aliove 770'' the dichloridc 
dissociates to give the coj)per-rcd monochloride, IrCl. 

Iridium trichloride, Ir( I3, prepared like the osmium comj:)ound, 
is a green solid insoluble in water, but a soluble hydrated variety 
has been prepared (compare rhodium trichloride). The cJiloro- 
iridiics, with the ion IrClg'", form green solutions and resemble the 
osmium compounds. 

Iridium tetrachloride, lrCl4, is prepared by union of the elements, 
like osmium tetrachloride, but as it readily forms the trichloride, 
the chlorine must be intrc-duced under pressure. It differs from 
the osmium compound in being soluble in water and less stable. 
The chloroiri dates, such as potassium chloroiridate, KgTrCl^j, are 
derived from it, and can be made either in solution or by the method 
used for the chloro-osmates, but the potassium and ammonium salts 
a re less solu ble in wa t cr than t he correspon di ng osmiii m compoun ds , an d 
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the cliloroiridates lose clilorint^ when their solutions an' boiled, becom- 
ing chloroiridites, whereas chloro-osmates are meiely hydrolysed. 

Iridium trisulphate.— obtained as a hydrate from 

a solution of the sesquioxide in sulphuric acid. It is soluble in 
water to give a bright yellow solution which is oxidized and turned 
vic'let by the air, but if a concentrated solution is evaporated with 
potas.sium sulphate solution, potassium iruiitini alum, K^SO^, 
Iro(S04):i.24H20, can be obtained. Osnnuni forms neitlier a 
trisulpliate nor an alum. 


Pj.A'i 1 N UM 

I’U- T()5-o(). Atomic Number, 78 

Platinum was discovered in South America, in a district wliich 
now forms part of ( oloinbia. It was first bniught to Europe 

1735 

Occurrence and Extraction.- Platinum occurs in the Ural Moun- 
tains in the form of an alloy containing some 80 jkt cent of platinum 
together with iron, cojiper, the other metals of th.e platinum group, 
and sometinu's a htllt' gold. 1'here are also deposits containing 
platinum sulpliide in the Transvaal, though lh(‘y are not worked 
at jireseut. The most important source of platinum is now, however, 
the residue of tlie extraction of nickel from th(' Ontario ores (p. 799). 

Crude platinum from all these sources is brought into solu- 
tion with aqua regia, and the solution is diluted, filtered, and 
evaporated to .small bulk. Nitric acid is then exjielled by boiling 
with hydrochloric acid, and the chlorides are evajiorated to dryness 
and then dissolved in a little water. The addition of ammonium 
chloride ])recipitates the slightly soluble ammonium chloroplatinate, 
(NH4)2PtCl(;, with some ammonium chloroiridate, (NH4)2lrC'lft, 
These arc filtered off, and the mother-li(|uors are worked up again. 
The precijiitate is suspended in water and sulphur dioxide bubbled 
througli, when soluble ammonium chloroiridite, (NH4)3lrClfi, is 
formed by reduction, and only the ammonium chloro]>latinate, which 
is not so easily reduced, remains undissolved. Heating converts it 
to spongy platinum, which is welded into an ingot in a lime furnace 
heated either electrically or in the oxy-hydrogeii flame. 

Metallic Platinum. — Platinum is a very dense silver- white metal. 
It is not so hard as osmium or iridium, but it is more malleable and 
ductile, and can be drawn into thin strong wires. Its coefficient 
of thermal expansion is about qxio“®, and is very close to tliat of 
glass, so that before the discovery of cheaper substitutes platinum 
was much used for sealing into glass; the possibility of doing this 
is still a great convenience in the manufacture of apparatus which 
for other reasons must contain platinum. 
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The metal is very resistant to oxygen even at liigh temperatures, 
though the slight loss in weight which platinum articles suffer when 
strongly heated for a long time m the air, but not in inert gases, has 
been attributed to the formation of the dioxide PtOg. With few ex- 
ceptions, acids have no efiect on the metal, but boiling ctincentrated 
sulphuric acid attacks it slightly, while aqua regia, and a solution 
of a chlorate in concentrated hydrochloric acid, dissolve it without 
difficulty. Their solvent action is due to the liberation of chlorine, 
though massive platinum is not attacked by chlorine, nor even by 
fluorine, up to a temperature of more than 350'^. 'flie fused 
hydroxide, nitrate and bisiilphate of potassium, and sodium 
peroxide, attack platinum, and crucibles made from it should not 
be used for strongly heating these substances, nor is it prudent to 
melt metals in platinum crucibles, as alloying frequently takes 
place. Contact with hot elementary sulphur or phosphorus should 
also be avoided, and direct heating with a coal-gas flame may lead 
to action with the sulphur compounds present in the gas. 

Its resistance to chemical attack and its high inelting-pioint make 
platinum almost indispensable to the manufacture of certain kinds 
of apparatus, though its cost, which in the last twenty yc*ars has 
fluctuated widely, is a serious disadvantage. It is used for crucibles 
and basins and other chemical ware, for wires for flame tests, for 
electrical contacts, for electrodes, in pyrometers, resistance ther- 
mometers, electric furnaces, standard weights and m(*asures, and 
for many other purposes. Platinum and platinum-indium have 
often been used to make vessels to hold hydrofluoric acid or fluorine. 
The cost of platinum is generally so high that the use of substitutes 
has become absolutely necessary. Crucibles can be made from 
nickel, silver, gold, fused silica, alumina, or zirc'onia, according to 
the purpose for which they are required; platinum wires for analysis 
can be replaced by fused silica; ' platinite ' (p. 800) can be used for 
sealing into glass, and fluorine or hydrofluoric acid apparatus is 
made from modem ‘ plastics ' or copper, while weiglits can be 
j)lated with yilatinum or with gold. 

Platinum is also greatly in demand as a catalyst. A hot platinum 
wire will continue to glow in a mixture of methyl alcohol vajKiur 
and air, formaldehyde being formed on the surface of the metal, or 
in coal-gas and air, and will ignite a jet of hydrogen. Colloidal 
platinum, prepared by Hke dig’s method or by careful reduction, 
is a very active catalyst excelled only, in certain reactions, by 
colloidal osmium. On the industrial scale platinized asbestos is 
often employed; this is prepared by soaking asbestos in a solution 
of chloroplatinic acid and then producing the finely-divided metal 
by ignition. Vigorous reduction of solutions of platinum salts 
produces another finely-divided modification called ‘ platinum 
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black/ often used for coatinp; tlu' platinum electrodes of delicate 
ai>])aratus such as hydrogen (‘l(‘ctrodi's or conductivity cells. On 
the other hand, the usi' of smooth platinum anodes is essential to 
certain anodic c>xidation jirocesses, such as the' manufacture of 
pcrsul})hates, in which a high c^xygen over-voltagc' is required. 

()uit(‘ large cjuantities ol platinum were at one time used in the 
oxidation of sul]duir dioxide (p. btSq), but chea|HT catalysts arc' now 
enqiloyed. On the other hand, grids of ]>latimim wire are still used 
in the oxidation of ammonia to nitric acid (p. 300). 

Platinum is also usc'd in jewelry~a w\aste of valuable material 
that ought iKjt to be eiu'ouraged. 

C'oMi’oUNDs OK Pkminum. — T he jirincipal valencies of platinum 
;iie two and four, but it may possibly show an unstable vali'ucy of 
threc‘, and ir.oie rarely a walenc'y ot six. The coyalency or co-ordma- 
tion mnnbcT is usually lour whem the mcTal is bivalent, and six 
when it is c| uadi 1 valent. 

Platinum is oiu‘ of the least elc'ctropositixc' of metals, and the 
nc'gligible tcmdencx^ of th(‘ medal to form ions in c:ontact watli water 
i.^ the Tcxison for the use ol platinum m c'lectrometric' ajiparatus. It 
shows the grealc.st reluctance* to ie^rm cations: the bnsilent com* 
jioimels are either insoluble eu' contain the medal in the anion, and 
the (]nadii\’ale'nt conqionnds react with water to form complexes 
ol the same* nature* (se*e, for exami)le, ])latmic clde)ri%). 

'I'he chemistry o( platinum solutions is thcie'le're chitdly the 
ch('nustr^’ of its e'amqilc'xes. In the e'lil()roj>latmat(^s, with the ion 
PtCl,j", the quadrivale'ul strife* abseait in nickel and incemsjiicuous 
m pallaclnim is nou' v(*ry stalile. On the otluT hand no qiiadnvalenit 
complex cyanides are known, and the jilatiiioeyanides, Pt(CN)4'\ 
eonesponding with the | lalladoeyamdes and mckelocyanides, are* 
exeeeehnglv strible comt)onnds. Just as miked rc'scmblcs the 
adjacent eli'inent eopner, and ]).dladimn sihai, so does jdatinum 
resemble gold. 

Like other members of the group, platinum forms a large* range 
of eoin])lex ammines, some ol which have alieady been alluded 
to (pj). 201, 34fj. 350). 

Oxides.- The jinncijxal o\idt*s of platinum are the monoxide, 
dioxiek, and trioxide. ITiey all yield the metril and oxygen on 
strong heating. 

Platinum monoxide, PtO, is j»reparcd by the action of oxygen 
on platinum siionge at 450'. In the hydrated condition it can be^ 
precipitated Iw boiling a chlorojilatinite with caustic soda; 

ptci,"+20ir TdO.Aq. I f.^rrfiLp. 

It is a reducing agc'iit, o\idi/(*d by the air, and if prepared in the 
wet way cannot be freed fnnn water without decomiiosition. 
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Platinum dioxide, PtOg, is precipitated as a hydrate when a 
solution of platinic chloride which has been boiled with caustir 
alkali is treated with a weak acid — acetic acid. The white preci- 
pitate is soluble in acids and alkalis, and probably has the 
constitution H2Pt(OH)(;, .since from its alkaline solutions such salts 
as potassium hexahydroxyplaiinaie, K2pt(OH)fl, can be obtained, 
and behave as the .salts of a strong acid. 

Platinum trioxide, PtOg. — By anodic oxidation of potassium 
hexahydroxyplatinate solutions, potassium platinate, KgPtO^, is 
obtained, and when treated with acids this yields the trioxide as 
a red .solid. It is a powerful oxidizing agent which gives otf oxygen 
when gently warmed. 

Halides. — Platinum forms stable halides in which it is bivalent 
and quadrivalent, and a less stable tervalent .series. All the 
halides decompose into the elements on ignition. The bivalent 
halides are in.soluble in whaler. The quadrivalent halides (except 
the iodide) di.ssolve, but they react with the water to form com- 
jilexes in which the platinum is in the anion; their solutions have 
consequently an acid reaction. Comjilexes such a.s PtCl4" and 
PtClg'' are very stable and are the anions of .strong acids. The 
trihalidcs behave towards water like mixtures of the dihalidcs and 
tetrahalides. The tetrahalides are weak oxidizing agents, and theii 
oxidizing acti^wi is assisted by the in.solubility of the dihalides 
(compare copper). 

The Fluorides must be ])repared by union of the elements at 
5oo"-6oo°; platinous fluoride, PtFj, is insoluble in water; platinic 
fluoride, PtF4, is soluble but ea.sily hydrolysed. 

Platinous chloride, PtClg, is made by union of the elements at 
360°, and is insoluble in water, but dissolves readily in chloride 
solutions to form a scries of salts called the chloroplatinitcs, with 
the ion PtCl/'. d'hese compounds can also be prepared by reducing 
chloroplatinate solutions, as for instance with sulphur dioxide. 
The silver, mercury, and lead .salts are insoluble, the others mostly 
soluble, the solutions being red. The chloroplatinite solutions are 
fairly stable, but they are decompost'd by boiling caustic alkali 
or by hydrogen sulphide, and oxidized to chloroplatinates by 
chlorine. 

Platinum trichloride, PtClg, is made by heating the tetrachloride 
in chlorine at 390°. It is soluble in boiling vvat(*r, but the solution 
is easily hydrolysed. With chloride solutions it gives a mixture 
of chloroplatinite and chloroplatinate. 

Platinum tetrachloride, Platinic chloride, PtCl4, is made by heating 
chloroplatinic acid, HaPtCl^., in chlorine. It is a reddish-brown 
hygroscopic solid soluble in water to form a stable solution from 
which the hydrate PtCl4.H.20 can be obtained by evaporation; 
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hydrolysis takes place on further lieating. The solution has an 
acid reaction, and is dibasic, as is shown by titration: on electrolysis 
the platinum travels towards the anode. The solution is therefore 
supposed to contain the acid H2PtCl4(OH)2, with the anion 
PtCl4(OH)2" — compare hexahydroxyplatinic acid, H2rt(OH)o. 

Chloroplatinic and, ILPtCl^, is obtained in solution by dissolving 
platinum tetrachloride in liydrochloric acid, or by dissolving 
platinum in aqua regia, evaporating repeatedly to dryness witli 
hydrochloric acid, and treating the final aqueous solution with 
chlorine. The hexahydrate, PlgPtClg.bHaO, is obtained by con- 
centration of its solutions. It is a strong acid and yields salts on 
neutralization with alkalis; these salts can also be obtained by 
oxidizing the chloroplatinites with chlorine. Their solutions arc 
yellow. 

Potassium chloroplatinatc , KoPtClg, like the chloroplatinates of 
rubidium, caesium, ammonium, and silver, is a yellow salt only 
slightly soluble in cold water (about 9 gm. per litre at room 
temperature), so it can be obtained by precipitation. It was for- 
merly used in the quantitative analysis of potassium salts, but is now 
often rep)laced by the cheapei ))otassium perchlorate. On strong 
heating it leaves potassium chloride and platinum. 

The Bromides resemble the chlorides, but the hromoplalinaics of 
potassium and ammonium are more soluble than the corresponding 
compounds of chlorine. 

Platinic iodide, Ptl4, is an insoluble compound prepared by 
union of the elements, or })recipitated by iodides from chloro- 
platinate solutions. It loses iodine in vacuo even at room tem- 
perature. Potassium lodoplatinate, K2Ptlp,, is soluble in water. 

Sui.PHiDEs.— Platinous sulphide, PtS, and platinic sulphide, PtSg, 
are pirecipitatcd by hydrogen sulphide from chloroplatinite and 
chloroplatinatc solutions res}>ectively. They decompose into the 
elements when heated in the absence of air. 

Platinic sulphate, Pt(S04)2, is deposited as the tetrahydrate 
when a current is passed between platiiiuin electrodes in fairly 
concentrated sulphuric acid. It is soluble in water, but preci- 
pitates a basic salt on warming. 

Complex cyanides. — The plaiinocyanidcs, with the ion Pt(CN)4'', 
are more important and more stable than the plalmicyanides , with 
the ion Pt(CN)4': it should be noted that the latter contain ter- 
valent, not quadrivalent, platinum. The former are obtained by 
the addition of cyanides to most platinous or platinic solutions, 
e.g. with platinic chloride: 

Pta4+6CN'- Pt(CNV'+4aM C 2 N 2 1 , 

a reaction that may be compared with the action of cyanides on 
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copper solutions. The pkitinocyanides are very stable com- 
pounds unaffected by aqua regia. Many of them are beautifully 
coloured, as for example tlie ammonium salt, which appears pink, 
blue, or yellow according to the direction of the incident light. 
Many fluoresce in ultra-violet light or when exposed to the rays 
from radioactive substances. 

Barium plaiinocyanide, BaPt(CN)4.4H.,0, prepared from platinous 
chloride and barium cyanide solution, fluoresces very brilliantly 
under X-radiation, and is much us(‘d in screens for radiograpliic 
investigations. 



LIST OF THE ELEMENTS 

In Ai rHABKncAi, Okiu-k 


Klcmcnt 

Symbol 

Atomic umber 

Atomic Weight 

Actinium 

Ac 

8() 

(2^7) 

Aluminium 

Al 

td 

2()-C)S 

Antimony 

Sb 


J 2 J 7 b 

Ar^Hin 

A 

iS 

30-944 

Arson 1C 

As 

dd 

74*01 

J.^.Tniim 

Fa 

51 > 

r 37 -db 

Ikn yllium 

\W 

A 

O'OJd 

Hismuth 

F>i 


20()-00 

Horon 

F> 

5 

10-82 

Biominc 

i>r 

dd 

79 -(}Tb 

(admium 

('d 

48 

112-41 

('.'U'siuin 

( s 

55 

132-91 

falcium 

(a 

20 

40-08 

( HI boil 

C 

() 

12-011 

reriuni 

Ce 

5H 

140-13 

(hlorinc 

('] 

17 

35-457 

Chromium 

Cr 

24 

52-01 

Cobalt 

Co 

27 

58-04 

Copper 

(hi 

2 C) 

bd-54 

Dysprosiiiin 

DV 

(>() 

102-51 

Erbium 

Er 

1)8 

107-27 

Europium 

Eu 

bd 

152-0 

Fluorine 

V 

0 

19*00 

Francium 

Ft 

87 

(223) 
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I 

53 
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71 
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Pt 
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K 
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Pr 

59 
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Pa 
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Ra 

88 
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Rn 

86 
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Re 

75 
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Rh 

45 
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Rb 

37 
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Ru 

44 
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62 
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14 
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la 

73 
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Tc 

43 
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Tb 
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81 
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Th 
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Tm 
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Sn 

50 
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Ti 

22 
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W 

74 
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IJ 

92 
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V 

23 
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Xe 

54 
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Ytterbium 

Yb 

70 
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3b 

88-q2 
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Zn 

3^ 

(>5 -3^5 

Zirconium 

Zr 

40 
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, metaphosfflioric, 630 

, molybdic, 714 

, nitric, 420 

, , fuming, 421 

^ ^ ionization of, 139, 422 

, , solvation of, 3pu 422 


Acid, nitric, synthesis, 390, 4 10 

. nitrous, 4 1 8 

. orthophos])horic, 028 

, pentathionu , (>92 

— , peiboru', 32(1 

, perchloric, 723, 7^1 

, , ionization of, ibo, 742 

, , solvation of, 343 

, perchroinic, 712 

periodic, 723, 73b 

, ]K'rni.inganic, 71)8 

, jicrphos^ihoric, (>31 

, jiersulphiiric, ()()2 

- , 4)hosphor()iis, (>20 

, jivrophosjihoric. 030 

- , selenic, bgc) 

, bidenous, 071, 097 

— , silicic, 384 

, stannic, (>04 

, su4)huric, ()8S 

, , manufacture of, 082 

“ , sulphurous, (>79 

, telluric, 70 T 

, tellurous, 701 

, tetrathiomc, bo2 

, thiosulphunc, b()i 

Acids, 192, 441 

- , strong and weak, 149 
Actinium, 310 
Activation, energy of, 239 
Activity coeflicieiit, 232 

concept, 137, 231 

Adiabatic ralorimeler, 222 
Adsorption, 287 

indicators, 289 

isotherm, 288 

Affinity, 220, 22(), 23b 
Air, 384, 428 

, liquid, 371, 388, 429 

Alabaster, 488 
Alchemy, 7 

Alcohols, as solvents, 137, 215 

, synthc‘bis, 391 

Aldehydes, sy 11 thesis, 391 
Alexandrian chemistry, 

Algaroth, powder of, 047 
Alkali-metals, 431, 440 
Alkaline earths, 483, 488, 490 
Alkalis, 25, 373, 440 

«35 
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Allotropy, 90, 2()T 
Alloys, 172 

, prop, init ion of. 207 

— -, bli net HI (' of, 90 
Alpha parlu Irs, 298 
Alum, 52(j, 5 J9 
Alumina, 529, 53^. 0i6 
Alii min all's, 335 
Aluminium, 520, ho2 

amalgam, 317 

" — arson itle, ())o 

bromato, 7.J7 

bronyo, 438 

— carbide, 31 jS 
— — cldorale, 741 

compounds, 519, 333 

halides, 3J4, 333 

nitrate, 339 

nitride, 535 

oxide and hydroxide, 333 

pen hlorati*, 743 

peroxidi', 333 

phosphates, 339 

silicates, 340 

sulphate, 338 

sulphidi', 338 

telluiide, 700 

Aluminosilicates, 340, 581 
Alundiim, 334 
Aliinite, 530 
Amalgams, 267, 31 0 
Amethyst, 581, 798 

, oriental, 333 

Amides, 401 
Amines, 401 
Ammines, 401 
Ammonal, 400, 333 
Ammonia, 387 

, distribution, 201, 392 

, donor properties, 393 

, hydrates, 392 

in complexes, 198, 349, 393 

, liquid, 393 

, oxidation of, 291, 390 

, precipitations with, 196 

, synthesis, 124, 3H8 

Ammonium amalgam, 317 
arsenite, 641 

— ~ azide, 407, 408 

bicarbonate, 39S 

bromate, 397 

bromide, 397 

bromoplatinatc, 823 

carbamate, 391, 39^^ 

carbonate, 398 


Ammonium cldorale, 397 

chloride, 391), 426 

structure, 90, 396 

chloroiridate, 809, SiS 

— — chloroindite, 8i() 

— — chloroplatinalc, 810, 819, 823 

— chloropliimhatc, bi I 

— - chlororuthenate, 809 

i hlorosmate, 8j8 

chloiostannate, bob 

chromate, 710 

— compounds, 383, 394' 

— dichromate, 703 

— diiiranato, 719 

— fluoride, 3110 

— — halides, 39() 

— hexachioroihodite, 813 

hydrogen sulphate, 309 

sulphide, 398 

— icxlate, 397 

• iodide, 397 

— --- magnesium phosi>]ialc, 487 
molybdates, 714. 73 j 

nitrate, 400, ,| 1 1 

mtriti’, 399 
oleate, 93 
perchlorate, ^98 
— peroxides, 401 

— perrlienate, 770 
phosphates, 3(>o, 400 

‘ - phosphoinolybdate, bji 

— platmocyamde, 823 

sulphate, 390, 399 

sulphides, 398 

thiocyanate, 453 

— iiranate, 720 

vanadate, 064 

AmnioTuvands, 394 
bases, 394 

— salts, 394 

Analysis, electrolytic, 265 
Andrews’ titration, 737 
Anglesite, 012 
Anln’dnte, 388, 488 
Anisotrojiy, 93 

Anodic oxidation, 267, 33? 

Anomaly of strong electrolytes, 149 
Anthracene, 274 
Antichlors, 431, 680, bgi 
Anti-knock agents, 217 
vXntimonates, 652 
Antimonides, 650 
Antimonites, 651 
Antimony, O13, 647 
, allotropy, 648 
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Antimony compounds, (>47 

, detection and ebtimalion, 055 

halides, (^52 

hydride, 649 

oxides, 650 

oxyacids, 051, ^52 

oxyhalidcs, (>54 

sulphate, 655 

sulphides, O54 

Antimony] compounds, 654 
Aqua regia, 41(1, 422 
Aragonite, 81, 48S 
Argentite, 4(18 
Argon, 372, 4 28 
Argyrodite, 5<)9 
Arsenates, 042 
Arsenic, 613, 637 

, allotropy, 638 

- compounds, 013, 637 
. detection and estimation, 64O 

lialides, hp3 

Jiydnde, 039 

oxides, O40 

■ - oxyacids, 641, 642 

sulphides, O44 

Arsenides, (139 
Arsenites, 641, 731 
Arsenomolybdates, 043 
Arsine, 639 
Asbestos, 482 
Association of liquids, 102 

of solutes, 102, 141, 181 

Astatine, 34 t 
Atacamite, 455 

Atmosphere, 359, 378, 384, 428, 574 
Atom, weight of, 78 
\ tonne n u mber , 301, 318 

numbers, lists of, 315, 825 
structure, 31 1 
theory, 38, 62 

volume, 340, 341, 342, 343, 772 

weight, 65, 77, 317 

- — weights, lists of, 315, 825 

, physical and clicmical 

determinations of, 06 
Attincar, 520 
Auer metal, 597 
Auric compounds. Sec Golc^ 

Aurous compounds. Ste (iold 
Auto-complexes, 202 
Avogadro's number, 65, 78, 27 

principle, 51, 04 

Azides, 402, 407 
Azoimide, 406 
A z unto, 455 


Si7 

Baddeleyitc, 593 
Barium, 480 

— amalgam, 490, 317 

— — bromale, 747 

-- -- carbonate, 492, 493 

chlorate, 7 p) 

chlorite, 739 

chromate, 500, 709 

chromite, 7(>() 

compounds, 477, 489 
ferrate, 783 

I iluogermanate, 001 

Ihiosihcate, 586 

— - halides, 494 

I hexammme, 401 

I hydride, 490 

I - hydrogen suliiliate, 499 
h ydrosulphide, 4(18 

hydroxide, 4(12 

hypophosphite, O23 
lodate, 733 
manganale, 708 
nitrate, 300 

nitride, 49 \ 

oxalate, 489 

oxide, 491 

periodate, 73O, 737 

— permanganatt‘, 7(14 
peroxide, 493 
phosphate, 500 

- phosphite, ()2 7 
- - jilatinocyanide, H24 
S( den ate, 0 ()() 

— sulphate, 4S8, 499 
sulphide, 4()8 
sulphite, O80 

-- tel 111 rate, 701 
Barole, 488 
Baryta, 488, 492 
Barytes, 489 
Bases. 192, 441 
Bauxite, 52c< 

Beckmann’s apparatus, T40 
Bell -metal, 438, 602 
Henzaldehycle, oxidation of, 2 1 7 
Benzene, dry, 21O 
Benzol, 5O2 
Bcrvl, 84, 479 
Beryllates, 48 1 
Beryllium, 479 

acetylacelonate, 351 

boride, 324 

compounds, 477, 480 

I^essemer jirficess, 777, 800 
Beta-rays, 306 
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Hicarbonatcs, 575 
Bimolecular reactions, t 20 
Birkeland-Eycle process, 410 
Bismuth, ()13, 656 

- — compounds, 613, 

halides, b^H 

hydride, 657 

nitrate, 06 1 

nitride, 395 

- — oxides and liydroxides, O57 

- — oxyha lidos, (J59 
— phosphate, OOi 

sulphate, 00 1 

- “ sulphides, OOo 
' — tellunde, 700 
Bismuthates, 658 
Bismuthinite, OOo 
Bismuthyl compounds, OOo 
Bi sulphates, Oqo 
Bisulphites. 080 
Bittern, 743 

Blacklead, 5O0 
Blast furnace, 775 
Bleaching-powder, 49O 
Blowpipe, alumiiuum, 533 

, atomic hydrogen, 303 

, oxygen, 373 

Blue John, 495, 725 
Bohr's atomic theory, 329 
Boiling-point of lujuids, loO, 169, 213 

of solutions, 133 

Bomb calorimeter, 223 
Bonc-ash, O15 
Boramide, 401 
Boranes, 522 
Borates, 338, 32O 
Borax, 52O 
Boric acid, 324 
Borides, 324 
Boron, 320 

compounds, 320 

halides, 527, 737 

hydrides, 522 

Bort, 538 

Bosch process, 339, 389, 78 1 

Boyle’s law, 95 

Brass, 4 38 

Braiinite, 7O0 

Brin process, 493 

Brine, 438 

Bromates, 747 

Bromazide, 408 

Bromides, 74O 

Bromine, 723, 743 

compounds, 723, 743 


Bromine fluoride, 729 

hydrate, 743 

Bronze, 433, 438, Ooi 
Brown ring test, 794 
Brownian movement, 278 
Buller solutions, 208 


Cadmiates, 304 
Cadmium, 301 

, ammino complex ion, 304 

— ammonium phosphate, 50O 
carbonate, 304 

compounds, 477, 303 

— halides, 202, 503 

— — nitrate, 30O 

oxide and liydroxide, 303 

peroxide, 304 

phosphate, 30O 

pyrophosphate, 506 

— , separation Irom copper, 19S, 4(> 

^ ^ zinc, 195, 507 

- — standard cell, 248 

— sulphate, 30O 

sulphide, 306 

Caesium, 432 

- — bromate, 449 
bromide, 447 

— carbonate, 44 2 

— — chlorate, 448 
chloride, 445 

— cliloroferrate, 791 
chloroplatinate, 823 

- — compounds, 432 

, detection and estimation, 433 

dichlorohypoioditc, 447, 758 

fluoride, 448 

halides, structure, 88 

hydride, 435 

I — hydrosulphidc, 432 
hydroxide, 437 

— — iodide, 447 
nitrate, 449 

nitride, 430 

— — oxides, 436 

— perchlorate, 449, 743 

— perhalides, 446 

phosphates, 430 

silicomolybdate, 433 

-- — sulphide, 432 

tetrachloroiodite, 759 

thiocyanate, 453 

Calamine, soi 
Calcitc, 488 
Calcium, 488 
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Calcium amalf^am, 

arsenate, O-tjo 

' -- arsenide, (>39, 

bicarbonate, ^(>4 

bisulphite, 680 

borate, 521 

carbide, 36O 

carbonate, 8 t, ^(Q3 

cliromale, 500 

compounds, 477, 488 

cyanamide, 5()7 

- ferrocyanide, 7()0 

halides, 404 

hydride, 400 

hydrosnlpliide, |o8 

- hydroxide. 130. 491 
hy])Ochloi lie, 490 

imide, 402 

lodale, 4<)8 

- nitrate, 4<)9 
nitride, 49 | 

oxalate, 489, 500 

-- oxide, 4Q1 
— peroxide, 403 

])hosphat(\s, 500, 

phospliides, 5()7, 1'2 • 

phosphite, 02() 

saccharate, 4<)3 

silicate, 585 

sulphate, 400 

— - sulphides, 271 

- ‘superphosphate,’ 500, O16 
- thiosulphate, 452 

titanate, 590 

tungstate, 715 
Caliche, 450 
( alomel, 512 

electrode, 249 

Caloric, 47 
Calorimetry, 221 
Calx, 19 
Carat, 474, 558 
Carbamide, See Urea 
Carbon, 557 

■ compounds, 53b, 5b4 

dioxide, 23, 372 

, precipitations with, 196, 

- — disulphide, 378 
hydrides, 5()3 

monoxide, 334. 368 

oxysulphide, 579 

~ - silicide, 36O 

suboxide, 368 

tetrachloride, 577. 749 


8.^9 

Carbon letra fluoride, 377 
Carbonado, 338 
( arbonates. 33S, 373 
Carbonization, 31)2 
Carbonyl cliloride, 578 
- — sulphule, 379 
('arbonyls, 372 
Carborundum, 366 
Carnallite, 433, 4t5. 4^^^-. 7M 
('aio’s acid, O93 
('assitentc, (>ot 
(' assiiis, purjile ol, 474, 603 
Cast iron, jyh 
Castner process, 434 
(\istner- Kt'llner ])r()( '‘ss, 438 
C atalysis, 212 
heterogeneous, 289 

homogeneous, 213 
— , negative, 217 
( alaphoresis, 28 2 
( at bode di^posits, 2f)S 

— rays, 2<)o 
Cathodic reduet icm, if>y 
Celes(in<‘, 481) 

Cell, eoiiductivity, i 1 1 
— , (dectioly tic. 437 
— . standard, 248 

, storage, 209 

Cell mm, 593 
('ement, 492 
( ementile, 779 
Cerium, 342, 356, 393 

-compounds, 342, 33b, 395 
Cerussite, bio 
('hain-rcactions, 217, 273 
Chalcocitc, 433 
Chalcopyrite, 433 
('halk, 23. 48S 
(. hainbcr ri vslals, 686 
Charcoal. 287, 360 
Chailes's law, 93 
Chelate comjiounds, 330 
Chemical aflimty, 220, 226, 256 
Chile saltpetre, 430, 748 
( hina clay, 496 
Chinese chemistry, 8 
Chloramine, 402, 40^ 

Chlorates, 363, 740, 742 
Chlorauriles, 474 
Chlorazide, 408 
Chlorides, 423, 736 
Chlorine, 723, 730 

- - - compounds, 723, 730 

dioxide, 738 
fluorides, 729 
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Chlorine heptoxidc, 738 

hydrate, 732 

isotopes, 3iy 

monoxide, 737 

water, 732 

Clilontes, 730 
Ch loroantiin ona t os, 654 
Chloroferrales, 701 
Chlorophyll, 271 

Chlorosulphonic acid, 417, G90, O03 
Chromates, 709 
Chrome alum, 707 

iron ore, 703 

yellow, hi j 

Chromic compounds, 705 
Chromite, 703 
Chromites, 709 
Chromium, 702, 703 

, aminino complexes of, 708 

compounds, 702, 703 

Chromous comiiounds, 708 
Chromyl comi>ounds, 71 1 
Chrysocolla, 455 
Cinnabar, 507 
Claude process, 3O0, 391 
Clay, 581 
Cleveite, 428 
Coagulation, 282 
Coal, 561 
Coal-gas, 562 
Coal-tar, 562 
Coalite, 563 
Cobalt, 771, 79^^ 

, ammino complexes of, 351, 802 

carbonate, 804 

- ~ carbonyls, 808 

compounds, 771, 802 

cyano complexes of, 807 
— ~ halides, 203, 804 

nitrate, 807 

oxides and hydroxides, 802 

sulphates, 806 

sulphide, 806 

Cobaltinitrites, 807 
Cobaltile, 799 
Coke, 561 

Coke-ovens, 359, 563 
Colemanite, 321 
Colloids, 276 

Colour of solutions, i6t. 203, 209, ^6o, 
805 

Columbite, 770 
Columbium. See Niobium 
Combustion, heat of, 223 
Complex ions, 197, 261, 2hh 


( ornplcx salts, 197 
Comjioncnt (phase rule) , 163 
Compounds, 59, 176 
Concentration cells, 250 
Conductivity cells, T44 

titration, 264 

water, 144, 19 T, 368, 602 

Conductnity, electrical, of solutions, 
133. 20T, 209. 242, 264, 3f4 

, equivalent, J43 

, molecular, 145 

, speciiic, 143 

, thermal, nt gases, 99 

Consecutive reactions, 121 
Conservation of energy, 94. 219 

of mass, 45, h2 

Constant -boiling mixtures, 170. 735 
Constant composition, law of, 49 
Constantan, 438, 801 
Contact jiroccss. 124, 240, 683 
('oolmg curves, 174 
Co-ordinate link, 346 
(’o-ordmation compounds, 315 
Co-ordination, m crystals, 92 
ro])pcr, 433, 438 

- - amalgam, 517 

, ammmo complex, 199, 20T. 460 

arsemte, 641 

compounds, 459 

, cyano com])lrx, 198, 262, 4h2 

- — , detf‘ction and estimation, 407 
hyilride, h2(> 

10ns, 4 59, 4(>3 

— ' — oxides and hydroxides, 462 

- -- phos])hide, bzz 
pyrites, 433, 792 

, refining, 266, 437 

- — , separation from tailniium, 19H, 

4()2 

Corrosive sublimate, 513 
Corundum, 333 
Cosmic rays, 3oh 
Covalency, 334, 343 
Cristobal ite, 383 

Critical solution temperature, 171 

- — temperature, 102 
Crocoisite, 703 
Crocoitc, 703 

Crvobydnc temperature, 179 
(Y3X)hte. 329, 336, 726 
Cry stalloids, 280 
Crystals, 81 

, liquid, 93 

, packing in, 91 

Cupellation, 469 
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('iipric azulc, 40S 

carbonate, .^6() 

compounds, 

- fenocyanido, .\b'j 

halides, 4bo, .^bb 

nitrate, 467 

oxide and hydroxide, ^63 

sulphate, Hi, 4f)b 

sulfihide, 4b6 

Ciijirite, 4 53 

C'uprous acetyhde, 4b5, 5bb 
compounds, 4b4 

- cyanide, 4(15 

lialides, 4b 1 , p\5 

oxide, 4b2 

sulphate, 403 

sulphide. 4()5 

— thioc y.iiiate, 4^)3 
Cvanales, 3.S0 
('yanidc's, 37(1 
C\anogen. 370 


Dalton’s atomic theory, 3S, b2 

law of partial pressuK*, <><; 

Damell cell, 24b, 237, 2b2, 4()2 
Di'acon process, 7^1 
Degiees of freedom. 103 
Delupiescence, i b8 
l)('lta -metal, 438 
Di'phlogisticated air, 27 
Devitrification, 8 j, 3S3 
Dialysis, 27c) 

J)iamond, 88, 223, 338 
] has pore, 334 
] liazoacetn ester, 2 1 : 

Diborane, 323 
Dichromates, 70^ 

Dielectric constant, 103, 138 
Diffusion, c)8, 3i(} 

Dilution law. ()stv\ aid’s, 147 
Dimethylgl voxime, 78(1, 8ocj 
Diphenylamine, 710 
Dipole moment, 333 
Discharge tubes, 21 ib 
Disilane, 383 

Disintegration theory, 306 
Disperse phase, 277 
Dispersion coefficient, 281 
Distillation, ib8 
— — m steam, 171 
Distribution law, 170, 200, 2 ti, 733 

of molecular velocitu's, 04, 238 

Dissociation constants, 1 j8, 182, 184 
, heat of, 242 
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Dissociation, theory, 141, 149, 161 

J )iUiionatos, 692 

I )ithionites, 090 

Diuranates, 720 

Dolomite, 482 

Double salts, 107 

Dry cleaning. 378 

Dry ice, 374 

Drying, intensne, 213 

Diilong and IVtil’s law, 06 

Dumas’ \ apour-density method, 72 

Du I a hi min, 332 

Dust removal, 084 

Dwarf stars, 300 

Dyeing. 28(1 

1 >vnaniic equilibrium, 1 1 t 
D yscrasiie, 468 
Dysprosium, 342 


Kartlis, alkaline, 484. 488 

. rare. 310, 342, 39b 

Ivdison ai t iiinulator, 269 
h'lflorescencc, ib8 
Egyptian chemistiv, b 
J‘'instcin’s })hotochemical law, 272 
Eka-caesium (francium), 431 
JJe(tr*(a! conductivity, 143, 201, 209, 

242 , 2 b 4 . 344 

work, 233, 2 3(> 

Klectro-analysis, 203 
ICh'ctrochcmical senes, 234 
Electrode, hydrogen, 230 

- - , standard, 249 
Electrode potentials, 230 
Ek^ctrol-v sis, lavs s of, 142 
Elet trolvdc'S, 143 

, ( olloidal, 285 

Electrolytic oxulation, 239, 267 

- preparations 20y 
— - reduction, 239, 20y 
I'icctromviric titration, 203, 629. bSy 
Jvlectron, 29, 297. 393 

- spill, 33 b 

rjectroiiic charge, 143 

orbits, 329 

theory ot valency, 335 

Electroplating, 268 
It 1 ec troty pe , 2 6 q 
EI cctrovalency. 334 
Elcktron, 483 
Element, 7, 17, 39, br 
Elements, disintegration of, 320 

, lists of, 315 

Elixirs. 14 
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I'-Tidothermic reactions, 221 
Knergy, conservation of, f)\, 219 

of acliv.Tlion, 239 

■ of read ion, 220 

Entiojiy, 227 
Eosm, 28c) 

Epsom salt, 487 
Equilibrator, i8t 

Equilibrium-constant, it 2, 227, 257 
Equilibrium, dynamic, 111 
Equivalent, 75 
Erbium, 342 

Esters, liydrolysis of, iiq, 212, 213 
Ethane, 565 

}£tliyl orthocarbonate, 575 
Ethylene, 97, 3()0, 5()5, (>90 

diamine, 351 

Eudiometry, 70 
luiropuim, 542 
Eutectic, 173 

arrest .175 

Evaporation, 102 
Exhalation tlieory, 0 
Exothermic reactions, 221 
Explosive reactions, 23() 

Extraction (by solvents), 185 


Fajans' theory, lOo 

Faraday (unit), 143 

Faraday's laws of electiolysis, 142 

Fatty acid films, 106 

Fehling's solution, 199, 461 

Ferrates, 785 

Ferric alum, 794 

— - ammonium sulphate, 79 1 
carbonate. 789 

compounds, 786. See also Iron 

halides, 789 

nitrate, 794 

oxide and hydroxide, 7.S3 

phosphate, 795 

sulphate, 794 

sulphide, 792 

thiocyanate, 798 

Ferricyanides, 795, 797 
Ferrites, 785 
Ferro-manganese, 760 

silicon, 582 

-titanium, 58S 

— — vanadium, 002 
Ferrocyanides, 795 
Ferrosoferric oxide, 784 
Ferrous ammonium sulphate, 793 
carbonates, 789 


h'enous compounds, 78O. Sec also Iron 

halules, 789 

nitrate, 794 

oxalate, 782 

— — oxide and liydroxide, 782 

])hosphate, 795 

sulphate, 793 

sulphule, 792 

titanate, 5()o 

Flint, 581 

h'l 11 oal u m 1 n a 1 es , 536 
Eluoborates, 52cS 
Fluoferrates, 791 
Fluomanganates, 7OO 
Fluoniobates, 0(19 
Fluorescein, 289 
Fluorescence, 270 
Fluorides, 728 
Fluorine, 723, 725 
— — oxides, 72<) 

Fluorspar, 493, 720 

stru('tiire, qo 

Fluosihcates, 5 So 
Eluotantalates, OO9 
Formation, heat of, 225 
Fractional distillation, 1O9 
Francium, 4 31 

Free energy, 228, 229, 231 3 

ol formation, 235 

ineedom, degrees of, 1O5 
1 Freezj n g • m ix t ures, 178 

point, T09, 173 

point of solutions, 13O, 203, 212 

Fiiedcl and Crafts' reaction, 214 
Fulminating gold, 475 

silver, 471 

Fuming of acids, 735 

Fused salts, conductivity of, 344 


Gadolmitc, 543 
Gadolinium, 542 
Gaillard tower, 687 
Galena, 468, 607, O12 
Gallium, 519, 348 

compounds, 319, 348 

Galvanized iron, 268, 503 

Gamma-rays, 306 

Garmerite, 799 

Gas carbon, 5O1 

Gas laws, 94 

Gas mantle, 545, 596 

Gases, 80, 93 

, kinetic theory of, 93, 237, 279 

, liquefaction of, 97 
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Gases, perfect, ()h 

, solubility, 133 

, specific lieats, ()S, 100 

, thermal conducln it}", 99 

, viscosity, loi 

Gay-Lussac tower, oSb 
(^ay-Lussac’s law, 30, 03 
(KMger’s law, 310 
Cierman silver, 458, 801 
Germanium, 302, 3* >9 

compounds, 59() 

Getters, 433 

Gibbs-Helmlioltz eq nations, 230, 24 \ 
Gibbsitc, s ^4 
Glass, 81, 323, 383 
Glover tower, 689 
(ilucinum. Sec Beryllium 
Goitre, 749 
Gold, 473 

amalgam, 317 
- --, colloidal, 280, 289 

compounds, 475 

, cyano complexes, 475 

, history of, 6, 14 

- - - phosphide, (i2i 
(Toldschmidt process, 333, 538 
(Goniometer, 81 
CGossage's process, 438 
Graham's law ol vlittusion, (jS 
Graphite, 8 q, 223, 559, ()o8 
Greek chemistry, 7 
Green John, 495 
Grccnockite, 501 
Grignard compounds, 48 j 
Guano, 300, 015 
Gunmctal, 9o2 
Gunpowder, 450, 673 
Gypsum, 488 


Habcr-Bosch process, 388^ 781 
Haematite, 775 
Hafnium, 542, 536, 393 

compounds, 536, 39 ] 

Half-life period, 120, 307 
Halogens, 723 
Hardening of fats, 293, 802 
Heat, mechanical equnalent of, 220 

of combustion, 223 

of dissociation, 242 

- of formation, 225 

of neutralization, 193 

of reaction, 220, 237 

of solution, 2 \2 

theorem. Net list’s, 2^2 


Heavy-spar, 480 
Helium, 429 
IIenr3"’s law, 180 
Hess's law9 --^4 
Hittoif’s phospluirus, 917 
Hofmann's vapour -density method, 72 
Holinium, 542 
Hydiates, 131 
Hydration of 10ns, 134 
Hydra/ine, 403 

compounds, 403 

Hydrides, 363 
IlydrotluoTules, 728 
Hydrogen, 350 

, atomie w^cight, 65, 77, 327 

bonds, 103, 104, 367, jQb 

elec trode, 250, 292, 395 

- - ion, catalysis, 212, 215 

, concentration, 194, 204, 

2()2 

, h}^! I at I on, 215 

^ mobihtv, 134 

— , lK|uefnction, 98 

, nascen ’ , 363 

, r)ilho- and para-, 362 

(>ver-\ oltage, 2()t», 316 

spectrum, 329 

— - , valency of, 397 
IJ\tliogeii antinionide, 650 
arsenide, 939 

bromide, 724, 743 

— photochemical decomposi- 
tion, 272 

— - chloride, 724, 733 

, cdcohohc, 2T5 

, distiibution, 183 

, pliotoclierrntal synthesis, 

217. 273 

— — , solvation, 190, 214, 343, 
?](> 

— ^ synthesis, 217, 273 

— - ^.yanidc, 379 

- — iluonde, 724, 727 
, association, 104, 724, 727 

— ' iodide, 724, 732 

oxKle. See Water 
-- - peioxide, 378, 514 

, association, 104, 380 

, stability, 290, 380 

persulphides, 977 

phosphides, bio 

— selenide, bji, 097 

— sihcides, 3H2 

- sulphide, (^71, 975 
— ^ precipitations with, 194 
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Hydrogen telliiride, 671, 700 
Hydrogenation, 295, 802 
Hydrolysis, 203, 2O2, 369, 737 
Hydronitritcs, 417, 420 
Hydroxides, 373 
Hydroxvl ion, catalysis by, 212 
Hydroxylamine, 405 

compounds, 406 

Hydroxylic solvents, 1 so 
Hypoantimonates, 651 
Hypobromites. 747 
Hypochlorites, 730 
Hypoioditcs, 754 
Hyiionitntes, 4 1 7 
Hypophosphatcs, ^27 
Hypoj^hosphites, ^125 
Hypovanadatcs, 

Hypovanadous compounds, O63 


latrochemistry, 15 
Ice, 301, 368 

, structure ol, 103 

, vapour pressure, 107 

Ice calorimeter, 224 
Iceland spar, 488 
Ilrnenite, 588 
Imides, 401 
Indian chemistry, 8 

ink, 505 

Indicators, acid-base, 205 

, adsorption, 289 

, radioactive, 320 

Indium, 69, 519, 549 

compounds, 519, 550 

Induction period, 274 
Inert gases, 428 

, atomic numbers of, 3 28 

^ structures of, 330 

Inhibition of reactions. 125 
Inhibitors, 217 
Ink, 361, 565, 797. 805 
Inoculation (of solutions), 129 
Intensive drying, 215 
Invar, 800 

Invariant systems, ib6 
lodates, 755 
lodazidc, 408 
Iodides, 733 
Iodine, 199, 723. 748 

acetate, 759 

bromide, 738 

chlorides, 757, 738 

compounds, 723, 748 


INDEX 

Iodine cyanid(‘, 7‘>8 

fluorides, 730 

hydroxide, 731 

in polyhalogen ions. 200, 447, 

74>t. 75« 

— — lodatc, 734 
— nitrate, 739 

— — oxides, 72 p 734 

oxv.icids, 734 

pen hlorate, 724 

sulphates. 739 

Ionic charge, 143 

ecpiations. iSS 

eipjihhiTum, 1 8S 

product of water, tot. 241. 

238 

— — radii, (12 

theorv, 141, 149, ibi, 320 

Ionium, 30<) 

Ionization in crystals, SO 
Ions, comph'x, Kiy, 2O1, 2bfi 

— hvdnition ol, 134, lOo 

— . inobilitv ol, ]4(), 152 133, 

I3() 

Indium, 771. 814 

— — compounds, 771, 813 
Iron, 771 , 774 

, allotropy, 89, 780 

carbide, 3(>(->, 779 

carbonyls, 795 

[ compounds, 771, 782 Se& also 

\ h'ernc and Ferrous 

disulphide, 792 

ions, erpiilibnum between, 259, 

787 

nitrides, 783 

oxides and hydroxides, 782 

, promoter action ol, 217. 218 

f^yntes, to, 792 

sihcide, 382 

— , structure of, 89 

- — - tungstate, 713 
Isobaric isotopes, 313 
Isobars, 318 

Isobutyl alcohol, synthesis, 3C31 
Isocliore, van't Ilolf's, 234, 237, 

409 

Isocyanides, 380 
Isomerism, 343 
Isomorphism, 09, gi 
Isotopes, 312, 318 

. list, 313 

, separation ol, 319 

Jargon. 393 
Jasper, 581 
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Sl’BJECl 

Jena glass, 525, 585 | 

Joule-7'homsoii expeiiment, (jy 


Kaolin, 3.:|0 

Karlsruhe, Congress of, S3 
Katharonieter, 99, 3O2 
Ketones, synthesis, 391 
Kibaltii, 798 
Kieserite, 482 

Kinc'tic Iheory of gases, 93, 237, 279 
Kirchhofl’s equatuwi, 2^2 
Kohlrauseh's law, 

Kohol, 6^7 
Kry])ton, .^29 
Kuhl, 0.^7 
Knpfernickcl, 7(^8 


Lampblack, 5O1 
Landsberger’s appaialus, 139 
J-anthanum, 342 
Latent heal, 102 
Lattice, crystal, i<)7 
Lane photographs, <83 
Ivaughing gas, 41 1 

I.-C Chateher's law, too, 122, 227, .^99 
Lead, 53b, O07 

aecurnulator, 299 

, atomic weight, 311 

- - compounds. 55(>, 9o8 

-, desilveration ol, 468 

- — isotopes, 312 

- — , red, 6o<) 

- -, white, bio 
Lead acetates, 612 

a/ade, 408 

carbonate, bro 

chromate, bi2, 711 

halides, bjo 

hydride, boq 

molybdate, 713 

nitrate, 6 t2 

oxides and hydroxides, boq 

pyrophosphate, 630 

jpar, 610 

sulphates, 612 

sulphides, bi 2 

tetraethyl, 217, boS, 612 

Leblanc process, 451, 452 
Lepidolite, 433 
Liesegang’s rings, 71 1 
Liljenroth process, 360, O16 
Lime, 25, 491 
Limestone, 491 


1 INDEX 

Limoni te, 773 
Licjuation, 1)30 

Licjuefaetion of gases, 97, 339 
Liquid air, 371, 388, 429 

ammonia, 393 

cr^'stals, <)3 

juiK tion potential, 2 3b 

Liquids. 101 

• , immiscible, 170, 179 

. iindc'rcooled, 81 

Lupiidus, 172 
l.itliaige, (hm) 

Lithium, 433 

- ahimmium hydride, 323, 583 

- Ijiomate, 449 

- biornide, 447 

- carbonate, 443 

chlorate, 448 

chloride, 440 

eoniponncls, 43- 
, detection and estimation, 434 

- fluoiide, 448 
— Iiydridc‘, 433 

hydrosulphide, 432 

- - hydroxide, 437 

iodide, 447 

nitrate, 449 

nitride, 4 30 

oxides, 43O 

- - peuhlorate, 449 

- - - - phosphate, 430 

— snlplndc, 432 

thiocyanate, ibo, 433 

Lodestone, 784 

Lowdemperature carbonization, 563 
Jmrninesccnee, 270 
] -upi spurn a, 7 1 5 
Jaitctium, 342 


A’agnalium, 332 
Magnesia, 23, 482 
Magnesite, 482, 486 
Magnesium, 482 

ammonium phosphate, 487 

azide, 40S 

bicarbonate, 486 

boride, 324 

— bromide, 487 

carbonate, 445, 486 

chlorate, 741 

ehloride, 486 

chromite, 705 

— — compounds, 477, 483 
fluoride, 486 
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Magnesium hydrogen carbonate, 485 

hydrosulphide, ^87 

hydroxide, 196, 484 

iodide, 486 

nitrate, 487 

nitride, 485 

oxalate, 484 

oxide, 48 j 

oxychloride, 4 87 

piTchlorate, 487 

peroxide, 485 

phosjihate, 484 

pyrophosphate, 487 

silicide, 582 

sulphate, 487 

sulphide, 487 

tungstate. 717 

Magnetite, 775 
Malachite, 455, 4G6 
Malonic anhydride, 5G8 
Manganates, 7G7 
Manganese, 723, 7O0, 761 

amalgam, 761 

blende, 7O0 

compounds, 723, 761 773 Set 

also Manganic and Manganous 

oxides and hydroxides, 701 

tetrafluonde, 7(17 

Manganic compounds, 766 

halides, 760 

oxide, 7G2 

Manganicyanides, 767 
Manganin, 458 
Manganite, yhz 
Manganit(‘s, 7G7 
Manganocyamdes, 766 
Manganous carbonate. 765 

comjiounds. 7G4 

halides, 7O4 

nitrates, 7G5 

oxide and hydroxide, 761 

— — phosphate, 7G5 

suljihate, 7O5 

sulphide, 765 

Marble, 488 

Marsh's test, 646, 650, G57 
Mass-action, law of, 113, 147. 180, 189, 
233. 4 M 

Mass-number, 315 
Mass-spectograph, 69 313 
Masurium, 759 
Matches, G20. 636 
Maximum work, 227 
Mcllitic acid, 5 05 
anhydride, 5G8 


Melting-point, 110, 165, 215 
Membranes, semi-permeable, 133 
Mercuric com)iounds, 512 
Mercurous compounds, 509 
Mercury, 507 

compounds, 477, 500, 312 

, halogen complexes, 199, 513 

678 

, history of, 12, 507 

— --- 10ns, 2G2, 509, 51 1 
— — isotfipes, 320 

oxides and hydroxides, 50S, 737, 

746. 751 

peroxide, fjoo 

Mesomensm, 351 

Mesothormm, 310, 396 

Melastabililv, 1G7 

Meteorites, 774 

Methane, 5G2, 5G3, 3()8 

Methyl alcohol, as solvent, 138, iGo 

— , synthesis, 391, 371 

sulphal(‘, 4G3 

Microcosm 1C salt, 431 
Mischmetal, 397, 0()8 
Mispickcl, 638 
Mitsc herheh's test, Giq 
Mixed crystals, 90, 133, 172. 177 
Mixtures, Go 

Mobile cipiilibrium, law of, 114 
Mobility ot 10ns, 14G, 132 133. 15G 
Molar fraction, 1 3G 
Molecular compounds, 345 

cle])ression, 139 

volume, 102 

weight, 71 

, of luiuids, 101 

Molecules, 31 
Molybdenite, 713 
Molybdenum, 702, 712 

compounds, 702. 712 

Moiiazite sand, 343, 3f)G 

Mond pro( css, 800, 8 1 o 

Monel metal, 438, 801 

Monk-Jrvvin process, 5S9 

Mortar, 41)2 

Mosaic gold, GoG 

Moslem chemistry, 11 

Multiple proportions, law of, 49, 62 


Nascent hydrogen, 423 
Nelson cell, 437 
Neodymium, 4 56 
Neon, 429 



SUBJECT INDEX 


Neon isotopes, 319 

Ncphclometer, 78, 427 

Nernst's distribution law, 179, 200, 

2TI, 733 

heat theorem, 242 

Nesslcr’s solution, 315 
Neutralization, heat of, 193 
Neutron, 322 
Nichrome, 800 
Nickel, 771, 798 

ammonium sulphate, S06 

carbonate, 804 

carbonyl. 799, 808 

compounds, 77r, 802 

dimethylp^lyoxime, 809 

halides, 804 

* hexamrnino dibromirle, 809 

nitrate, S07 

oxides and liydroxides, 802 

sulphate, 80b 

sulphide, Rob 

Nickclocyanides, 807 
Niobium, (>13, 667 

— compounds, 613, 667 
Nitramide, 395 
Nitrates, 337, 422 
Nitration, theory of, 123 
Nitric oxide, 354, 409, 412, 793 
Nitrides, 402 
Nitrites, 337, 418 
Nitrobenzene, as solvent, 139 
Nitrogen, 383, 013 

, atomic w(‘igh(, 423 

chloride, 423. 733. 737 

-- - cycle, 383 

, disintegration of, 322 

, fixation of, 389, 409 

fluoride, 423 

iodide, 424 

oxides, 334, 409 

oxyacids, 417 

sulphides, 423 

Nitrohydroxylaminic acid, 412 
Nitrolim, 367 

Nitromethanc, as solvent, 158 
Nitron, 423 

Nitroso-compounds, 419 
Nitrosyl bisulphate, 41O, o8() 

halides, 416 

ion, 338 

Nitrous oxide, 294, 411 
Nitroxyl halides, 41O 
Nitryl halides, 416 
Non-aqueous solutions, 137 
Nordhausen sulphuric acid, 088 
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Norwegian saltpetre, 41 1 
Nuclear chemistry, 323 

spin, 33b 

Nucleus, atomic, 298 
— - , - - . mass of, 327 
, , stability of, 326 


Occlusion, 77 

Octaves, law of, 43, 301 

Oleum, 684, 688 

Order of reaction, 115, 293 

in surface reactions, 293 

Organic acids, ionization, 343 
Orpiment, 637, 644 
(3smindium, 809, 814 
Osmium, 77 T, 8 t4 

compounds, 771, 816 

Osmotic pressure, 133, 143 
( )smyl compounds, 8 1 7 
Ostwald’s dilution law. 147 
Over-voltage, 2b6, 316 
Oxalic acid, 368 
Oxidation, 373 

Oxidation-reduction potentials, 259 

Oxides, 372 

Oxone, 437 

Oxygen, 300, 371, 670 

, atomic weight, 93, 371 
, isotopes, 32 T 

- , theory of combustion in, 37 
Oxygen fluoride, 729 
Oxvmun.itic acid, 730 
Ozone. 22 1. 339, 374 


1‘alladium, 771, 809 
— compounds, 771, 81 1 
r\irachor, 104 
I’aracyanogcn, 579 
I'arker process, 563 
Parkes’s process, 499 
J’artial pressures, law of, 99 
Partition law, 179 
Passivity, 423, 782 
Patromte, 662 
Pattinson’s process, 499 
Pcarl-ash, 445 
Peat, 590 
I’erborates, 326 
Pci carbonates, 577 
Perchlorates, 723, 743 
Perchromates, 712 
Perfect gases, 9O 
Periodates, 756 
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I'enodic table, by, yy^, 34? 

aiK nnalics, 302 

l^ermanf^anatcs. 723, 7(^6 
Peniiolybdales, 715 
I’crniobatcs, hOy 
Peroxides, 373 
Pei phos}>liates, 031 
Perrhenates, 770 
Perruliienatcs, 812 
] Vrsulpliates, 6c)2 
J V,rsulphides, (>77 
IVrtanlalates, bby 
J^ertitanales, 5yo 
Perl ungslates, 718 
IVruranates, 722 
I'ervanadatc, ()()4 
I’etalite, 433 
J^etroleuin, 558 
Pewter, O02 
pu, Ty4 

Idiase rule, 163 
Phenyl azide. 406 
Phlogiston, 18 
Phosgene, 571, 578 
Pliospham, 4(^2 
I’hosphates, O20 
Phosphides, 622 
J’hosphine, O20 
J’hosphites, 626 
PJiosphonuim compounds, 621 
Phosphor-bronze, 438, (>20 
Phosphorescence, 270, 020 
Phosphoric acids, (>28 
I’hosphorite, Orb 
Phosphorus, 613, O15 

, allotropy, O17 

compounds, O13, 615 

halides, 631 

hydrides, 620 

- — nitrides, (>37 
oxides, O23 

- — oxyacids, (>2 5, 631 
ox}dialides, (130 

- — sulphides, 630 
Phosphoryl compounds, 636 
Photochemical equivalent, law of, 272 
Photoelectric cells, 697 
Photography, 274 

Picric acid, 422 
Pig iron, 770 
Pink salt, 606 
Pitchblende, 312, 71 S 
Planck's constant, 272, 320 
Plaster of Pans, 499 
Plat mite, 800 


INDJLX 

I’ldtinuin, 771, 819 
— - ammino-complexcs, 821 

, conductivity of, 202 

^ constitution of, 349 

— , isomcTisni of. 350 

compounds, 771, 821 

Plumbago, sOo 

Plumbic compounds. See Lead 

IMujnbous compounds. See l.ead 

I’neumatic chemistry, 24 

Poisons, catalytic, 290, 292, 294, O38 

Polarity (of links), 335 

I'olarization, 248 

Polonium, 309 

Polymerization, Kiz 

Poh'tliionates, byi 

Porou.s ping experiment, 97 

PorjK'site, 810 

Ikirtland cement, 492 

Positive rays, 298 

T\:)sitron, 322 

Potash Sec Potassium 

I^otassamide, 401 

l*otassmin, 434 

alummium snlphai(\ 338 

antimonate, 6=12 

aiitimonil(‘, O3T 

-• - antimonyl tartialt*, 651 

— arsenate, 642 

— ai semte, 64 i 
bicarbonate, 4 pi 

- bromate, 449, 74 0 

— bromide, 447 

bronioplalinate, 823 

- cadmiate, 504 

— carbonate, 443, 445 
chlorate, 448, 740 

chloride, 130, 44 6 

, structure, S3 

chlorochromate, 711 

chloroindatc, 8 t8 

rhloromanganatc, 767 

- cliloropalladatc, 814 
chloropalladite, 814 

— - cliloroplatinatc, 45^, 823 

— chlororuthenato, 813 

chlororuthenite, 813 

chlorosmate, 8 tS 

— chromate, 703, 710 
chromite, 703 

— cobalticyanide, 808 

CO baltini trite, S07 

cobaltocyanide, 807 

-- compounds, 432 

— cyanide, 433 
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I’otassiuni, rloloclion and (.'bliinati<ui, 
453 

dichroinatc, 710 

fciTicyanido, 797 

lerrocyanide, 79(1 

/Iiioantimonite, 

fluoboratf, 52S 

fluoferrale, 790 

fluomanganate, 7()7 

fluomangaiiilc, 767 

- fluoride, 44S 
11 uostl irate, 448 

— fluotanlalate, (>67 
fluotitanate, 50 t 

liexahydroxyplalinale, 822 

hydride, 435 

hydrogen rarbonatc, 4^0 

fluoride, 4^8, y2(), 72; 

hydrosulphidr, 452 

- — hydroxide, 437 
hypoantimoiiate, 651 

lodate, 449, 753 

- -- iodide, 447 

lodoplatmatc, 823 

iiidate. Si 3 

iTidiuni sulpha! e, Sro 

manganale, 7(18 

mangaiiicyanidr, 767 

nianganocyaiiule, 71 >b 

iruTCuri-iodide, 513 

- - nitrat(‘, 440 

nitride, ^50 

-- — nitrite, 420 

osrnocyanide, 81C) 

osmyl chloride, 817 

oxides, 13 b 

oxyfluoniobate, 007 

percarbonatc, 577 
perchlorate, 81, 1 440. 743 

- — i>eriodates, 73b, 737 

permanganate, 7O8 

- perm then ate. 8 1 2 
pervanadale, b(>5 

phosphates. 450 

- - platinate, 822 
piunibate. bio 

- — rhodinitnte, 81 1 

- ruthenate, S09, 812 

ruthcnocyanide. Sib 

selenatc, boo 

sulphate, 451 

sulphide, 432 

sulphite, 431 

tantalatc, (>bo 

- ' thiocyanate. 453 


I'otassium titanate, 590 

tungstate, 717 

uranate, 720 

uranium vanadate, 718 

/incate, 304 

J^J1en1lal, electiode,‘ 250 
, liquid junction, 256 

, oxidation-reduction, 259 

I Potentiometer, 247 
JYas(‘odymium, 342 
Precqutatioii, 194 
Printers ink, 3(11, 565 
ProdiK er gas, 38(1, 3b(i 
J*romethiuni, 312 
T*n>mf>ters, 217 
Protection (of t olloids). 2S6 
rrofoaclinium, 310 
Proton, 3 [ r 

riussian blue. 79b, 707 
I'russir arid, 379 

I’si udo-nninioleciilar reactions, 118 

Purity, (Vilena of, 173 

Turplr of ('assiiis, 474, bo3 

Pyrargynle, 408 

Pyrex glass, 385 

PMolusde, 7(>o 

Pyro])horic alloys, 3f)7 


Quantum numbers, 329, 347 

- --- tlu'ory, 272, 329 
(juart/, 381, 583 

- stni(tiir(‘, 90 
Qmnone, (»8j 

Radioactive indicators, 320 

- - - scries, 308 
Ivaclioactivity, 304 
Radiothorium, 310 
Radium, 303 

• — conqrounds, 477 

Radon, 307, 430 
Raie earths, 3i(), 342, 306 
JR'action chains, 217, 273, 293 
Reaction, licat of, 220, 237 

cjrder of, 113, 2 (>3 

, velocity of, in, 237 

Reactions, bimolcrular, 1 20 

- , consecutive, 121 

, endothermic, 221 
exothermic, 221 
. explosive, 231) 

. in elcxtric (list barge, 270 
, nuclear, 323 
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Reactions, pseuclo-uniraolecular, 118 

, reversible, no 

, iinimolecular, 117, lib, 308 

Realgar, 637, O45 
Recalescence, 780 

Reciprocal proportions, law of. 50, (>2 
Recrystallization, 133 
Red lead, O09 
Reduction, 373 

Refining, electrolytic. 266, 437 
Refrigerators, 97 . 

Resonance (quantum mechanical), 353 
Reverberatory furnace, 777 
Reversible processes, 228 
— — reactions, 1 10 
Rhenium, 723. 759, 77^ 

compounds, 770 

Rliodium, 771, 800 

compounds, 771, 809 

Rock crystal, 581 
Rubidium, 433 

broinate, 44O 

bromide, 0b7 

carbonate, 443 

chlorate, 448 

chloride, 447 

-- - chloroplatinate, 823 

compounds, 432 

^ detection and estimation, 453 

— - fluoride, 448 

hydride, 435 

hydrosulphide, ^5- 

hydroxide, 437 

iodide, 447 

nitrate, 449 

nitride, 450 

oxides, 43b 

— perchlorate, 440, 743 

perliahcles, 44O 

phosphates, 450 

silicoinolybdate, 433 

sulphide, 452 

tetrachloroiodite, 759 

thiocyanate, 433 

Ruby. 533 
Rust, 781 

Ruthenium, 771, 8og 

compounds, 771, 809 

Rutherford-Bohr atom, 329 
Rutile, 588 


Salt, 445 
Samarium, 54^ 
Samarskite, 431, 543 


Sand, 581 
Sandarach, 637 
Sapphire, 533 
Scandium. 519, 54® 

compounds, 519, 54° 

Scheele’s green, 041 
Scheehtc, 715 
Seeding (of solutions), 129 
Selenium, 670, 695 

compounds, 070, O9O 

Semi -water gas, 570 
Serpek process, 535 
Silane, 583 
Silica, 583 

Silicates, go, 584, 728 
Silicoaldehydes, 583 
Silicochloroform , 587 
Silicoethanc, 583 
Sihcoethcrs. 583 
Silicomethane, 383 
Silicon, 581 

carbide, 560 

chlorides, 587 

- — compounds, 55O, 581 
dioxide, 583 

— halides, 58b 

hydrides, 582 

monoxide, 585 

phosphate, 587 

Silicopropane, 5B3 
Silundum, 560 
Silver, 427, 407 

acetate, 190 

acetyhde, 5^3 

amalgam, 517 

— amide, 395 , „ 

, ammino complex, 190, 


261, 


470 

- - arsenitc, 041 

— azide, 408 

carbonate, 471 

—— chlorate, 741 
chloride, 471 

chloroplatinate, 823 

— chloroplatinite, 822 

— chromate, 71 1 

complex ions, 470 

compounds, 470 

^ cyano complex, 199. 47 ^ 

, detection and estimation, 473 

ferricyanide, 797 

fluorides, 472 

, fulminating, 471 

halides, 198. 274, 472» 7^5 

hyponitrite, 418 
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Silver nitrate, 472 

oxides, 471 

perchlorate, 1S5 

periodate, 756 

phosphates, 030 

phosphide, 621 

sulphate, 472 

sulphide, 472 

sulphite, 472, hSo 

tellurate, 70 t 

thiocyanate. 472 

thiosulphate complex, 452, r.gi 

Single electron links, 334, 339 
Smaltite, 790 
Soap-films, 107 
Soda. See Sodium 
Soda-hme, 492 
Soda-water, 373 
Sodamide, 401, 408 
Sodium, 434 
-- acetate, 204 

- aluminate, 335 
amalgam, 3 it) 

- — amide, 401, 408 

- ammonium hydrogen phosphate 

-■ antimonate, 632, ()",5 

antimomte, 631 

argentocyaiiule, 4O8 

■ arsenate, (>42 

arscmide, 

arsenites, r 

a/ide, 408 

bicarbonate, 441, 443 

bisulphate, 431 

- — bisulphite, 432, O90, 74H 

- — broniate, 449 

bromide, 447 

carbonate, 441 

~ chlorate. 448, 741 

- chloride, 130, 445 

, punlication of, 190 

, structure ot, 80 

chromate, 711 

cobaltinitritc, 807 

- — compounds, 432 

- - cyanide, 433, 3(18 

, detection and estimation, 433 

dichroniate, 71 1 

- — dith ionite, Ogo 

diuranate, 719 

ferrate, 783 

ferncyaiiide, 797 

lernte, 440 

ferrocyanide, 453, 79O 
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Sodium fiuoaluminate, 329, 530 

fluoberyllate, 480 

fluoferrate, 790 

fluoride, 448 

formate, 3O8, 372 

hexachlororhodite, 814 

_ hydride, 435 

hydrogen carbonate, 440, 443 

fluonde, 720 

phosphates, 450 

sulphates, 431 

— sulphite, 431, Ogo, 748 

hydronitnle, 420 

— hydrosulptiide, 432 

hydroxide, 437 

hypoantimonate, O31 

hypochlorite, 739 

— - - hypomtnte, 418 

liypophosphate, O27 

lodatc, 44C), 748, 735 

iodide, 447 

— ' metaphosphate, O31 

nitrate, 449, 74*8 

nitrile, 420, 430 

oxides, 436 

perborate, 326 

percarbonate, 377 

— - perchlorate, 449, 743 

periodates, 75(1, 737 

permanganate, 7(18 

peroxide, 436 

jiliosphates, 430, O29 

pyrophosphate, O30 

pyrosulphate, 451 

selenate, 699 

silicate, 384 

sulphate, 431 

, solubility, 130 

sulphide, 432 

sulphite, 431, 690 

oxidation, 216 

tantalate, 06 q 

tetraborate, 526 

tetratliionate, 692 

thiocyanate, 453 

thiosulphate, 452, 691 

tungstate, 715 

uranate, 720 

uranyl carbonate, 719 

vanadate, 6O4 

Solder, 602 

Solid solutions, 172, 177 

Sols (colloidal), particle mass, 283 

^ charge, 282, 284 

Solubility, 128, 178, 179, 189, 199, 2b r 
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Solubility ol pascs, 133, 180 

of small particles, 282 

Solubilily-product, 189 
Solution, beat of, 242 
Solutions, 1 28 

, saturated. 115, 128 

, solid, 172, 1 77 

Solvation, 154, 159, 182, 2S6, 313, 

740 

Solvay process, 441 
Soot, 3(>i 

Specific conductivity, 145 

beat, law of, Ob 

of gases, 68, 100. 224 

inductive capacity, 105 

Spintbai iscojie, 307 
Stained glass, 585 
Standard cells, 238 

electrodes, 239 

Stannates, 603 

Stannic coin[30unds, 603 Sec aho 7 'in 
Stannites, 603 

Stannous compounds, 003 See al^o 

Tin 

Stassfurt deposits, 133, 433, 446 
Stationary state (pbotocbemical), 272, 

3-29 

Steam distillation, 172, 37b 
Steel. 778, 779 
Stephamte, 468 
Stereoisomerism, 351 
Stibine, 649 
Stibnite, 637, 648, 654 
Strontia, 488 
Strontiamte, 489 
Strontium, 489 

amalgam, 490, 517 

carbonate, 493 

chromate, 500 

compounds, 477, 488 

halides, 494 

— bydi ide, ^1190 

hydrosulphicle, 498 

hydroxide, 491 

nitrate, 499 

nitride, 494 

oxalate, 4 89 

oxide, 491 

peroxide, 493 

phosphate, .500 

saccharate, 492 

- — sulphate, 499 

sulphide, 49S 

Succinic acid, solubility, 242 
Sugar carbon, 561 


Sulphamide, 395 
Sulphates, 690 
Sulphides, 677 
Sulphites, G80 
Sulphur, 670, 671 

— , allot rop^', 245, 672 

— — compounds, 670, 671 
dioxide, 678 

- halides, 693 

— heptoxule, ()92 

— , history, t 2 
nitrides, 123 

- oxyhaltdes, (kij 
phospliides, (>3() 

— - scsquioxide, 690 

- trioxicl(‘, 240, ()8i 
Sulphuric acid See Acid, snli)huri( 
Siilphuryl compounds, 69^ 
Superheating, 139, 167, 216 
Supcroxides, 340, 437 
Supersatural ion, 129 

Surface tension, 104 
Surfaces, ic.ictions on, 291 
Symbiotic bacteria, 384 


Talc, 482 
Tanning, 287 
'fantalite, 

Tantcilum, (113, 667 

compounds, 013, 6G7 

'far, 562 

Tartar emetic, 651 
Technetium, 723, 739 
Tellurium, 670, O99 

compounds, O70, 699 

Tonsimeter, 74 
Terbium, 542 

Termolecular rcactirms, 121 
Tetraboranc, 523 
Tetrametliyl base, 378 
Thallium, 519, 551 

compounds, 319. 532 

Thermal conductivity of gases, 90 
Thermit, 333 
Thermodynamics, 219 
Thermos, 224 
Thioantimonites, 653, 6bo 
Thioarsenates, 645 
Thioarsenitcs, 645, 660 
Thiobismuthites, 6O0 
Thiocyanates, ionization of, 160 
I'hionyl compounds, O94 
Thiostan nates, G06 
Thiosulphates, 691 
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Thorium, 310, 5,^2. 55^), 505 
— compounds, 55^>, 303 

emanation, 310 

-- - radioactivity, 310 
'J'horveitite, 340 
Tlioryl compounds, 397 
Thulium, 342 
Thyroid gland, 749 
7 'hyroxin, 749 
Tin, 336, 601 

, allotropy, 167. 261, 60], 603 

— amalgam, 317, 002 
compounds, 336, 003 

- halides, 20T, O04 

— hydride, 603 

— - ions, 2 ho, ho3 

nitrates, f)07 

oxides and livdroxides, ^03 

— sulphat(*s, ho6 

suljiludes, huO 

l ineal, 320 
Tincar, 320 
I'mstone, ()oi 
Titanium, 33^, 3<S8 

compounds, 336, 5S9 

I'ltration, 206 

, conductivity, 2hj, 727 

, electrometric, 2()^, <)20, hS() 

Transh'rence n urn) nr, 130, 202, 233 
Transition ohmienls, 304, 014 771 
Transmiitalion, H) 

Transport number, 130, 202, 255 
Triads, 301 
Tnchlorosilane, 387 
Tndymite, 3'^3 
Tri-iodide ion, 201, 203, 749 
Triple point, i6() 

Tnsilanc, 3S3 
Tioiiton’s rule, 102 
Tungsten, 702 713 

compounds, 702, 713 

Turnbull’s blue, 707 
Tyndall eliect, 276 
Type-metal, 602, (>18, (>37 
Typical elements, 30 \ 


Tdexite, 32T 

IJltracentnfuge, 284 

Ultramicroscope, 276 

Undercooling, ihy 

Uni molecular layer, loh, 290, 292 

reacticms, 117, 126, 308 

Uranium, 702, 718 
cornpouiuls, 702, 718 


I'rainum radioactivity, 305, 308 
Uiea, synthesis, 390 


Vacuum calorimeter, 224 
Valenc}', 73, 2O2 

, theory of, 331 

Vanadium, O13, Of>T 

compioimds, 613, 663 

van der Waals, ef] nation, 96 
\an't Holf, isochore, 234, 237, 409 
Vaporization, latent lieat of, 102 
Vapour density, 71 

pressure, 135 

Vidocity of leaction, 11 1 237 
ViTdigns, 43S 
Vermilion, 313 

Victor Meyei s vapour- density method, 

73 

VjscomIv of fused salts, 344 

of gases, loT 

of htiuids, 105 

of solutions, 154 
Vitriol. Sec '\cul, sulphuric 
VoUano ex]>eriincnt, 703 
von Weimarn's theory, 2.^1 


VValdim’s rule, i3| 

Washing jxnvdius, 443, 327 
Water, 3()S, 373 
, catalysis by, 213, 291 

— , composition, 73 

, conductivity, 144, 191, 368, G02 

— — , constitution, T03, 3()8 
, hardness, 370, 540 

, ionization, 191, 241, 238 

, natural, 3('8 

, purincati(»n, 287, 378 

\Vat<‘i-gas, 389, 3O2, 570 
\v at ei glass, 383 
Weissgoklerz, (^99 
Weston cell, 2 48 
Westron, 378 
Westrosol, 378 
Whale oil, 802 
White lead, bio 
VVill-o’-lbe-\visp, 62 1 
Willem it e, 301 
Wismath, (>30 
Witherite, 489 
Wolfram, 713 
Wolframite, 715 
Work, electrical, 233, 23b 

— , maximum, 227 
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Wrought iron, 777 
Wulfenite, 713 

Xenon, 429 
X-ray spectra, 300 

spectrometer, 87 

X-rays, dilfraction, 83 
, scattering, 300 

Ytterbium, 542 
Yttrium, 542 

Zeolites, 540 
Zinc, 501 
— ammino complex, 504 

— - ammonium phosphate, 506 

- -- blende, 501, 548, 549 
— - carbonate, 504 


Zinc compounds, 477, 503 

, cyano complex, 501 

ethyl, 502 

halides, 305 

hydroxide, 303 

— nitrate, 30b 

oxide, 303 

peroxide, 504 

— - phosphate, 306 

- — pyrophosphate, 50(3 

, separation from cadmium, 196, 

507 

spar, 501 

sulphate, 306 

sulphide, 506 

Zmeates, 304 
Zircon, 393 
Zirconium, 356, 593 
compounds, 356, 393 










